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This thesis is organized into four chapters and one appendix.  Chapter 1 is a literature 
review of the value of energy in swine diets and its application to corn co-products derived 
from various corn processing technologies, a brief review of digestive physiology of pigs, 
and a discussion of various methods used to determine energy of a feedstuff in pigs.  Chapter 
2 is a description of the research, methods, results, and discussion to determine digestible and 
metabolizable energy values of 20 corn co-products in finishing pigs.  Chapter 3 is a 
description of research methods used to determine in vitro organic matter digestibility of 20 
corn co-products in finishing pigs and the ability of this assay to predict in vivo energy 
values.  General conclusions about these research results are discussed in Chapter 4. 
Review of Literature 
Establishing Energy Values for Corn Co-products in Pigs 
Introduction 
Energy is the most expensive component of swine diets.  Although energy is not a 
nutrient per se, dietary energy is essential to meet animal maintenance and production 
requirements in all species, and is derived from carbohydrates, protein, and fat (Patience et 
al., 2009).  In order to formulate swine diets on a least-cost basis, accurate energy values 
must be available for the feedstuffs that are being fed.  In the corn milling industry, new 
processing techniques are increasing the efficiency of both starch and oil extraction from the 
corn kernel which, in turn, generates “new” corn co-products (Bothast and Schlicher, 2005; 
Rausch and Belyea, 2006). 
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Traditional metabolism trials have been the standard in determining energy values for 
feedstuffs.  However, due to the high expenses and labor intensive nature of these types of 
trials, alternative methods for determining the energy values of feedstuffs including the use 
of in vitro assays have been explored with some success (Boisen and Fernandez, 1997; 
Noblet and Jaguelin-Peyraud, 2007).  Furthermore, because of the limited availability of data 
for “new” corn co-products, there is critical need to generate accurate energy values as well 
as evaluate the accuracy of alternative methodologies for energy determination. 
Energy Utilization 
Energy is generated from organic molecules as they undergo oxidation and are 
typically being measured in calories (cal) or in joules (J) (Ewan, 2001).  Energy 
measurements are further classified using the energy scheme of gross energy (GE), digestible 
energy (DE), metabolizable energy (ME), and net energy (NE) (NRC, 1998).  Because 
energy and amino acids are the most expensive components in a diet, their concentration 
plays a major role, along with cost, in determining when feedstuffs are utilized in a least cost 
ration (Rausch and Belyea, 2006).  Energy balance is a system that evaluates and quantifies 
energy that is gained (from consumption of feed) and lost (from metabolically expensive 
processes) by the pig by accounting for energy inputs (feed consumed) and outputs (feces 
and urine) (Figure 1). 
Gross energy refers to the energy liberated when a substance is combusted in a bomb 
calorimeter (NRC, 1998).  The amount of GE in a substance is largely dependent upon its 
chemical composition.  Carbohydrates, protein, and fat contribute to GE values while water 
and minerals do not.  Carbohydrates contribute 3.7 to 4.2 kcal/g, proteins contribute 5.6 
kcal/g, while fats contribute 9.4 kcal/g (NRC, 1998).  Although GE represents the total 
energy in a feedstuff or diet, it does not evaluate the ability of a pig to utilize that energy.  
Digestible energy is a measure of the quantity of energy consumed less the quantity of 
energy excreted in feces, providing a better estimation of what the pig actually utilizes from a 
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feedstuff.  Digestible energy is often labeled as apparent and not true because DE does not 
account for energy losses due to endogenous sources (sloughed intestinal cells, enzymes, 
etc.).  Endogenous losses are difficult to determine experimentally and are typically not 
evaluated when determining the DE of a feedstuff or diet. 
Metabolizable energy is calculated by subtracting the energy found in urine and 
gaseous expenditures from DE.  Gaseous expenditures from the digestive tract of the pig are 
a small fraction of DE (0.1 to 3.0 percent of DE) and are usually ignored because they are 
difficult to measure (NRC, 1998).  Metabolizable energy averages 96 percent of DE in most 
practical swine diets used in North America (Farrell, 1979; ARC, 1981; NRC, 1998). 
Net energy is a measure of the amount of energy the animal uses for both production 
and maintenance, and is calculated by subtracting the heat increment produced by feeding the 
animal a feedstuff from the ME value for that feedstuff.  Heat increment is the total amount 
of heat lost by the animal from ingestion and digestion, maintaining body temperature, and 
physical activity.  Energy used for maintenance activities include maintaining body 
temperature and physical activity.  Energy used for production activities include synthesis of 
new tissue (protein and fat), fetal development, and milk synthesis (Ewan, 2001).  Because 
NE is the only measure that accounts for all aspects of the metabolic utilization of energy, it 
is considered the best measure for quantifying the true amount of energy from a feedstuff or 
diet utilized by the animal (Noblet, 2001). Unfortunately, determining NE is labor intensive, 
expensive, and requires specialized equipment such as respiration chambers as compared to 
determining DE or ME.  Therefore, most NE values are calculated from DE or ME for 
feedstuffs or diets by using prediction equations that are based upon chemical analysis 
(Noblet et al, 1994).  The European Union widely uses the NE system, but the DE and ME 
systems are still preferred in the United States.  This lack of standardization of energy 
systems throughout the world further increases the complexity of determining and using 
estimates of energy utilization of feedstuffs in swine nutrition. 
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Factors Influencing DE and ME 
Variables that potentially affect the energy value of feeds must be considered when 
formulating diets to ensure that the calculated estimates for dietary energy available to pigs 
are accurate.  Due to the dynamic nature of biological processes, many factors influencing 
DE and ME of a feedstuff can be interrelated and may have affects on energy availability, 
both directly and indirectly. 
Feed Intake.  Feed intake is a major factor affecting DE or ME determination, and is 
directly related to rate of gain in growing pigs.  Multiple factors can alter voluntary feed 
intake in the pig, including: nutritional, environmental, animal, and behavioral conditions.  
Nutritional factors such as the dietary energy density and the sources of energy in the diet 
(i.e. fiber or fat) contribute to the amount of feed consumed by the pig to meet its 
requirements.  It is generally assumed that pigs can adjust their feed intake based upon the 
energy density of the diet (Ellis and Augspurger, 2001).  The addition of fat to the diet, which 
has a higher energy density than carbohydrates or proteins, can result in a reduction of feed 
intake to maintain a constant DE (Ewan, 2001).  Conversely, diets high in fiber are lower in 
energy (higher in bulk) and pigs may consume more feed in an attempt to maintain a constant 
DE intake.  However, there are limits to this response that are based upon the weight and 
development of the pig.  Giles et al. (1998) showed that pigs weighing less than 20 kg appear 
unable to increase feed intake when adjusting to diets that were low in energy concentrations.  
Larger and older pigs with a greater capacity for feed intake and intestinal fiber digestion 
perform better when fed diets that are lower in energy and higher in indigestible fiber 
(Sauber and Owens, 2001).  Additionally, diets that are deficient in protein or essential amino 
acids can decrease (Rogerson and Campbell, 1982; Henry et al., 1992; Hahn et al., 1995; 
Hahn and Baker, 1995; Henry, 1995) or increase (Friesen et al., 1994) feed intake.  Diets 
deficient in minerals and vitamins, or those containing antinutritive compounds or toxins 
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such as, mycotoxins, protease inhibitors, lectins, and tannins to name a few, also decrease 
feed intake (Ellis and Augspurger, 2001; van Heugten, 2001). 
Ingredient selection in diet formulations may lead to decreased feed intake.  Diets that 
may be nutritionally balanced but include ingredients that have an unpleasant or bitter taste 
may be undesirable to the pig resulting in a reduction of feed intake or complete refusal.  The 
rate of inclusion of these unpleasant ingredients in the diet also significantly affects feed 
intake.  Adequate adjustment time and gradual changes in the diet can reduce the severity of 
feed refusal or suboptimal feed intake. 
Effective environmental temperature can also significantly affect feed intake.  
Effective environmental temperature refers to conditions that contribute to the environmental 
temperature felt by the pig.  These conditions include humidity, air temperature, air speed, 
number of pigs per pen, floor type, and availability of cooling systems such as water drips 
and sprays (Ellis and Augspurger, 2001).  The pig has upper and lower critical temperature 
limits at the extremes of the thermoneutral zone.  If the environmental temperature is above 
the upper critical temperature, energy is required to dissipate heat from the body (Ewan, 
2001).  If the environment is below the lower critical temperature, body temperature is 
maintained by diverting energy from productive processes to thermogenesis.  Generally, pigs 
will decrease feed intake in warmer environmental conditions and will increase feed intake in 
cooler environmental conditions.  Pigs exposed to higher environmental temperatures will 
reduce DE intake by 1.7 percent for every 1˚ C above the upper critical temperature (NRC, 
1998).  In addition, the size and development of the pig contributes to their ability to adapt to 
a changing environment.  Close (1989) showed that heavier pigs (≥ 90 kg) were able to 
increase their feed intake to adjust for lower environmental temperatures to a greater extent 
than lighter pigs (≤ 60 kg).  Additionally, pigs weighing less than 18 kg lacked the ability to 
increase feed intake at low environmental temperatures (Close, 1989).  It was presumed that 
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the decreased gut capacity of these smaller pigs contributed to the lack of increase in feed 
intake (Close, 1989; Ellis and Augspurger, 2001). 
Genotype, body size, and gender differences can also contribute to variable feed 
intake.  The swine industry has selected for genotypes with efficient lean tissue deposition 
and a high lean to fat ratio.  A genotype with a high lean growth rate tends to have lower feed 
intake than a genotype with slower lean growth rates.  Lastly, the stage of development also 
affects feed intake.  The NRC (1998) indicates that feed intake is a cubic function of body 
weight from 20 to 120 kg, and that feed intake increases fastest from 20 to 70 kg BW, and 
slows after 70 kg. 
Behavioral issues such as social dominance within groups of pigs can affect feed 
intake.  Aggressive dominance at the feeder can lead to overconsumption by the dominant 
pig and under-consumption by more submissive pigs if they do not get adequate time at the 
feeder.  Changing the social environment by introducing a new group of pigs or by isolating 
an individual pig causes stress and may temporarily decrease feed intake.  On the other hand, 
feed intake may increase in situations where the pig is not stimulated by other activities and 
simply eats out of boredom.  Other situations that may affect feed intake include activities at 
the feeder.  Some pigs will actively root in their feeder spilling feed and reducing the ‘true’ 
amount of feed consumed. 
Effects of Fiber.  Dietary fiber is a complex and highly variable component of plant-
based feedstuffs.  Some fiber types are more digestible than others, and although they cannot 
be broken down by mammalian enzymes, they can be fermented by the microflora of the 
hindgut in pigs (Grieshop et al., 2001).  Fiber fermentation is important for the production of 
volatile fatty acids (VFA) such as acetate, propionate, and butyrate which provide energy in a 
form that is utilized by the pig.  Fiber is made up of the cell contents and cell wall of plant 
carbohydrates and includes both nutritional and analytical definitions (Figure 2).   
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Nutritional definitions for fiber have evolved over time as the physiological benefits 
of dietary fiber have been discovered (DeVries and Rader, 2005; IOM, 2006).  Thus, the 
definition of dietary fiber includes its physiological functions as well as its inability to be 
digested by mammalian enzymes (AACC, 2001; IOM, 2006).  Ideally, analytical definitions 
of fiber would match the nutritional definitions of fiber.  Due to the complexity of fiber 
fractions and the working definition of fiber, however, several assays are available that 
evaluate fiber parameters including: crude fiber (CF), total dietary fiber (TDF), neutral 
detergent fiber (NDF), acid detergent fiber (ADF), cellulose, hemicellulose, and lignin.  
Analytically, most fiber parameters are interrelated including similar cell wall and cell 
contents components (Figure 2). 
Crude fiber (CF) was first approved as an official method for fiber analysis in 1890 
and has been useful historically for the estimation of digestibility or energy values among 
feeds (Wiley, 1890; Mertens, 2003).  Crude fiber measures cellulose, lignin, and 
hemicellulose, but all of these may not necessarily be in the feed (Kusina and Pettigrew, 
2009).  Furthermore, CF may only contain 40 to 100% of the cellulose, 15 to 20% of the 
pentosans from hemicellulose, and 5 to 90% of lignin (Mertens, 2003).  Therefore the 
decreased use of CF has been attributed to the lack of relationship CF has to any acceptable 
nutritional definition of dietary fiber as well as its inability to evaluate the physiological 
response of dietary fiber or the impact it has on feedstuff digestibility (Mertens, 2003).  
Currently, CF is a minimally accurate estimate for fiber and does not accurately reflect the 
energy content or energy digestibility of a feedstuff, being only required for quality control 
and feed regulatory agencies (Mertens, 2003). 
Acid detergent fiber (ADF) is a measurement of the cellulose and lignin fraction of 
the plant cell wall.  This measurement can be used as an indicator of the digestibility of a 
feedstuff.  Generally speaking, as the ADF value increases the digestibility of the feedstuff 
decreases.  Neutral detergent fiber (NDF) is a measurement of the entire plant cell wall, 
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including ADF fiber components and hemicellulose, and was developed by Van Soest and 
Wine (1967).  Neutral detergent fiber is an important fiber fraction because it represents two 
major fractions of fiber that are distinctly different in their digestibility (Mertens, 1993).  
Neutral detergent fiber occupies space in the gastrointestinal tract and can be a physical 
constraint on feed intake and requires significant chewing to reduce particle size (Mertens, 
2003).  Neutral detergent solubles (NDS) is the fraction determined by the inverse of NDF 
(NDS = 100 – NDF) and has a true digestibility of near 100%.  Neutral detergent solubles are 
rapidly solubilized, take up little space in the gastrointestinal tract, and require minimal 
chewing (Mertens, 2003). 
Total dietary fiber (TDF) is both a nutritional definition and analytical procedure and 
includes soluble and insoluble dietary fiber.  Solubility refers to the ability of a dietary fiber 
source to mix homogenously in different solvents (i.e: hot or cold water, diluted acid, or 
diluted alkali) and can be an indicator on the ability of a fiber source to influence the 
absorption of lipids and glucose (soluble fiber) or influence bowel movement and be less 
degraded in the large intestine (insoluble fiber) (Cho et al, 1997; Serena et al., 2008; Urriola, 
2009).  Total dietary fiber is being used to a greater degree in the animal feed industry, and is 
almost fully utilized in the pet food industry and in human nutrition. 
Nonstarch polysaccharides (NSP) are related to dietary fiber and include up to 90% of 
the cell wall of plants; of which cellulose, hemicellulose, and pectins are the most abundant 
cell wall NSPs (Selvendran and Robertson, 1990).  Other less abundant NSPs include 
fructans, glucomannans, galactomannans, mucilages, β-glucans, and gums.  Non-starch 
polysaccharides do not include oligosaccharides and lignin and may not be an accurate 
description of fiber as both oligosaccharides and lignin are included in the nutritional 
definition of dietary fiber (Cho et al., 1997; AACC, 2001; Urriola, 2009).  However, most 
NSP are highly fermentable producing volatile fatty acids (VFA) that are subsequently used 
by pigs as sources of energy.  Hydrogen, carbon dioxide and methane are also by-products of 
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fermentation that provide no nutritive value to the pig (Grieshop et al., 2001).  Additionally, 
lignin is a high molecular weight polymer, and is not considered a functional dietary 
component because it is indigestible by swine (Grieshop et al., 2001). 
The nutritional impact of individual dietary fiber sources is largely dependent upon 
the sugar residues present and the nature of the linkages between these residues (Grieshop et 
al., 2001).  Cellulose is found in tightly bound aggregates in plants, while hemicelluloses and 
pectins have sugar side chains that allow them to be more readily broken down.  The 
digestibility of fiber sources in swine diets can vary drastically between 0 and 97% 
depending upon the source of fiber (Bach Knudsen and Hansen, 1991), processing method 
(Fadel et al., 1989), and concentration in the diet (Stanogias and Pearce, 1985; Goodlad and 
Mathers, 1991).  Pigs degrade certain types of dietary fiber relatively inefficiently because 
they lack the necessary digestive enzymes and rely largely upon anaerobic bacteria in the 
large intestines as well as the small intestines (Grieshop et al., 2001). 
While feeding high fiber diets have shown beneficial physiological effects in humans 
(Burkitt et al., 1972), feeding dietary fiber to pigs can have other physiological affects that 
can decrease the efficiency of feed utilization by increasing energy expenditure in the pig.  
Feeding high fiber diets result in a general increase in the total empty weight of the 
gastrointestinal tract (Kass et al., 1980; Stanogias and Pearce, 1985; Anugwa et al., 1989) as 
well as increased gastrointestinal secretions (Grieshop et al., 2001).  Jørgensen et al (1996) 
showed that growing-finishing pigs fed diets containing high dietary fiber (268 g/kg DM) as 
compared to pigs fed diets low in dietary fiber (59 g/kg DM) had a significantly heavier 
stomach, cecum and colon, as well as a longer colon.  Additionally, the intestinal epithelial 
cell proliferation rate is stimulated by high NSP diets (Jin et al., 1994; Howard et al., 1995) 
leading to increases in cell turnover rate (Jin et al., 1994).  Jin et al. (1994) reported that 
feeding growing pigs diets containing 10% wheat straw increased the rate of jejunal and 
colonic cell proliferation by 33% and increased cells undergoing cell death by 65%.  The 
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secretion of endogenous fluids is also increased with the addition of high fiber diets in pigs 
(Wenk, 2001).  Salivary secretions, gastric juice, and pancreatic juice were doubled when 
dietary fiber content was increased from 50 to 180 g/kg in 50 kg pigs (Zebrowska et al., 
1983).  Therefore, due to the changes of gastrointestinal tract characteristics from feeding a 
high fiber diet, the maintenance requirements of pigs may be indirectly increased by extra 
metabolic demand due the nutrient needs for visceral organ development and maintenance 
(Grieshop et al., 2001; Wenk, 2001). 
The rate of gastric emptying may decrease with the addition of certain forms of NSP.  
Guar gum and pectin increase the viscosity of the digesta (Grieshop et al., 2001) and 
increases the ability of the DM to retain water (Johansen et al., 1996).  Growing pigs fed a 
high energy (starch, casein, soybean oil, and tallow) diet supplemented with 40 to 60 g/kg 
guar gum reduced the rate of gastric emptying 33 to 52% after feeding and reduced the dry 
matter concentration of the digesta by 27% (Rainbird and Low, 1986; Rainbird, 1986).  High 
fiber diets may also contribute to earlier satiety from gastric signals due to the elongation of 
the stomach wall.  Feeding an increased amount of dietary fiber may lead to increased digesta 
volume in the stomach, decreased transit time, and increased satiety.  It has been shown when 
sows are satisfied physically and nutritionally appear to be less stressed and exhibit a 
decrease in physical activity (Rijhen et al., 1999). 
The passage rate of digesta is affected by diets high in fiber.  Increases in passage rate 
can potentially decrease the ability of nutrient absorption.  Some studies have shown 
increases in daily DM flow at the terminal ileum when increases in dietary NDF were added 
to the diet (Schulze et al., 1995).  Others have also shown an increase in rate of passage up to 
14 and 23% when 75 to 300 g of bran or oatmeal by-products, respectively, were added in 
the diet (Potkins, 1991).  This suggests that the differences in rate of passage through the 
total digestive tract may be due to differences in the rate of passage through the large 
intestine because neither of these fiber sources had a significant affect on gastric emptying or 
11 
 
passage through the small intestine (Potkins et al., 1991).  Additionally, particle size of the 
fiber source may also contribute to the rate of passage; a coarser ground particle size 
decreases transit time compared to a finer ground particle size (Bardon and Fioramonti, 
1983). 
The amount of time the digestive contents spend in the large intestine can also affect 
the degree of fermentation.  Fiber fermentation in the cecum and colon results in the 
production of VFAs, mainly acetic, propionic, and butyric acids.  Acetic acid is produced in 
the largest amounts followed by propionic and butyric acids, but many dietary factors 
including the fiber source and the amount of enzymatically degradable enzymes can affect 
VFA production (Yen, 2001).  Typical VFA molar proportions in intestinal content are 
60:20:20 for acetic, propionic, and butyric acids, respectively (Robertson, 2007; Urriola, 
2009).  However, the corresponding proportion after hepatic circulation is 90:10:0 indicating 
selective metabolism of VFA by enterocytes and the liver (Robertson 2007; Urriola, 2009).  
Acetic acid is believed to be transported to adipose tissue and skeletal muscle where it is used 
for the synthesis of fatty acids or is oxidized (Elia and Cummings, 2007).  Propionic acid is 
usually destined for the liver where is it metabolized for gluconeogenesis (Wong et al., 2006) 
and butyric acid is used for intestinal cell proliferation and differentiation, but can also be 
used as an energy source (Cook and Sellin, 1999; Wong et al., 2006; Urriola, 2009).  Volatile 
fatty acids are rapidly absorbed and have been shown to supply between 5 and 28% 
maintenance energy requirement of the pig (Farrell and Johnson, 1970; Imoto and Namioka, 
1978; Kass et al., 1980; Latymer and Low, 1987; Rérat et al., 1987; Yen et al., 1991).  
However, the loss of energy due to methane, hydrogen, and fermentation heat decrease the 
amount of energy available to the pig from fermentation of fiber in the hindgut (Grieshop, 
2001).  As a result, the efficiency of energy utilization of the diet is decreased 9 to 22% in 
pigs fed high fiber diets (Giusi-Perier et al., 1989, Noblet et al., 1994).  The rapid absorption 
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of VFA also facilitates the uptake of Na and water by colonic mucosa which is also a 
function of the large intestine (Yen, 2001). 
The interactive effects of fiber on nutrient absorption have led to conflicting reports 
regarding the impact of dietary fiber on the efficiency of diet utilization.  The fiber type 
appears to have an effect on glucose absorption (Grieshop, 2001).  Nunes and Malmlof 
(1992) showed that feeding guar gum (60 g/kg) reduced glucose absorption by 32 and 29% 
whereas supplementing cellulose had no effect.  However, others have shown no effect of 
any fiber type on glucose absorption (Leclere, 1993). 
The energy density and digestibility of the diet usually decreases with the addition of 
NSP (Grieshop et al., 2001).  The partial inhibition of both lipolysis and intestinal fat 
absorption may explain the detrimental effects of fiber on lipid absorption (Borel et al., 
1989).  Dietary fiber also decrease energy utilization as well as retention of dietary nitrogen.  
The efficiency of N utilization is decreased due to increased secretion of endogenous N, 
which leads to increased bacterial N excretion (Grieshop et al., 2001). 
Although minerals do not contribute energy to the diet, deficiencies or excesses can 
lead to physiological conditions that can ultimately affect energy uptake.  There are 
inconsistent responses reported related to the effects of NSP on mineral absorption.  The 
components of polysaccharides and lignin interact with minerals; however, given current 
feeding practices, overall mineral utilization appears to be relatively unaffected by dietary 
fiber sources (Kornegay and Moore, 1986; Grieshop, 2001). 
Corn Milling and Co-product Generation 
Corn milling is the oldest, continuously conducted industry in the world and 
advancements in dry, wet, and dry-grind milling processes have contributed to the wide 
variety of co-products (human, feed, or fuel grade) for this feedstuff (Bennett and Elton, 
1898).  The anatomy of the corn kernel provides clues to why corn is so versatile.  The corn 
kernel has three main parts: the pericarp, the endosperm, and the germ (Figure 3).  The 
13 
 
pericarp, also known as the hull or bran, is the outermost protective layer of the corn kernel 
and nutritionally, is a highly fibrous, low energy fraction.  The endosperm makes up 80% of 
the corn kernel weight and is the major carbohydrate storage depot in corn kernels, with 
starch making up 90% of the endosperm (Bothast and Schlicher, 2005; Corn Refiners 
Association, 2006).  Gluten makes up 7% of the endosperm and is high in protein.  The germ 
or embryo of the kernel is high in oil. 
Corn milling is a process that separates and/or combines the various fractions of corn 
to generate a desired primary end product as well as other co-products.  Wet and dry milling 
processes have traditionally produced a wide variety of food, industrial, and feed products.  
More recently, dry-grind processing, not to be confused with dry milling, is used to 
efficiently generate fuel-grade ethanol as well as animal feed.  Due to the demand for bio-
renewable fuels, wet mills can also generate ethanol in addition to a variety of food and feed 
products including, starch, oil, germ meal, gluten meal, and gluten feed. 
Wet Milling.  Wet milling (Figure 4) involves separating the corn kernel into its 
components making this method more expensive and energy intensive than other processing 
methods (Bothast and Schlicher, 2005).  Once corn is cleaned, it is transported to large tanks 
called steeps where it soaks for approximately 40 hours in warm water with small amounts of 
dissolved sulfur dioxide, a step which aids in separating the starch and protein in the kernel 
as well as control fermentation (Corn Refiners Association, 2006).  The solubles are 
extracted from the intact kernel during steeping and at the end of the 40 hour soak period; 
water is drained from the kernels and evaporated to yield concentrated steepwater.  The 
concentrated steepwater is largely used in combination with fiber and gluten to produce other 
co-products such as corn gluten feed (21% CP, 33% NDF, 3% EE) that are used for animal 
feed ingredients. 
The softened corn kernels are then passed through hammer mills to break them up 
and separate the hull and germ from the endosperm.  Water is added to the mashed corn and 
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the germ is separated out through centrifugation.  Once cleaned and dried, crude oil is 
mechanically pressed or solvent extracted from the germ.  The remaining germ is used in 
animal feed and is known as corn germ meal. 
The remaining mixture of hull and endosperm then pass through a series of grinding 
and screening processes.  Hull particles are removed on the screens and the finer protein and 
starch particles pass through.  The finer protein can be used in animal feeds such as corn 
gluten feed (21% CP, 33% NDF, 3% CF) or corn gluten meal (60% CP, 8% NDF, 3% CF).  
Starch is further refined and purified through several washings.  The hulls (bran) can be used 
as a high fiber component in animal feeds. 
The remaining mixture of starch and gluten is separated by density in centrifuges.  
The gluten is dried and is sold as corn gluten meal or it can be used as an ingredient in corn 
gluten feed.  The final starch slurry is further washed and small solid particles are removed.  
The remaining starch mixture is reduced to fermentable sugars that can yield about 2.5 
gallons of ethanol from each bushel of corn.  One bushel of corn (56 pounds) can yield 1.6 
pounds of corn oil, 2.6 pounds of gluten meal, and 13.5 pounds of gluten feed from the wet 
mill process (Bothast and Schlicher, 2005). 
Dry Milling.  There are three main methodologies used in corn dry milling (North 
American Miller’s Association, 2006; Figure 5):  (1) a tempering degerming process; (2) 
stone-ground or nongerming process; or (3) alkaline-cooked process.  Although there are 
slight variations in tempering degerming processes from plant to plant, the most common 
method used is where whole corn is separated from the fines and broken pieces and is 
cleaned and tempered to 20 percent moisture.  The majority of the pericarp, germ, and tip cap 
are removed while the corn is still moist.  The remaining bulk of the endosperm is known as 
the “tail hominy fraction” and is processed through a degerminator and is dried, cooled, and 
sifted.  Large flaking grits are isolated from a portion of this fraction.  Further processing 
through roller mills, sifters, grinding tables, and aspirators generate a variety of smaller grits, 
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meals and flours.  The larger endosperm particles are used for the production of flaking grits 
for human consumption while the smaller endosperm particles can be used as an animal feed 
ingredient that is labeled as dehulled, degermed corn.  Dehulled, degermed corn (22% CP, 
3% NDF) has been evaluated as a feedstuff in swine diets because it is a low fiber co-product 
of the dry-milling process (Moeser et al., 2002).  The sorted bran and germ fractions are 
subsequently passed through another part of the degerminator as the “through stock” stream.  
This stream is dried, cooked, and aspirated to remove the bran.  The germ is further separated 
from any remaining endosperm by subsequent processing.  Crude corn oil, hominy feed 
(10% CP, 28% NDF, 6% CF), bran products, standard meal, and prime grits, meals, and 
flours are generated from the “through stock”. 
Dry-grind Milling.  In contrast to wet milling, where the separation of valuable 
components of corn occur before it is fermented into ethanol, the dry-grind process (Figure 
6) focuses on minimizing cost and maximizing the capital return per gallon of ethanol.  Most 
fuel ethanol today is produced by the dry-grind process (67%) as compared to the wet milling 
process (33%) (Bothast and Schlicher, 2005). The dry-grind process grinds and mixes 
cleaned corn with water to form a mash.  The mash is heated, and enzymes are added to 
convert the starch to fermentable sugars.  Yeast is then added to ferment the sugars, 
producing a mixture of ethanol and solids (Bothast and Schlicher, 2005).  Distillation and 
dehydration are used to separate the water and alcohol resulting in fuel-grade ethanol.  The 
solids that remain after distillation are wet or dried distillers grains and can be combined with 
solubles to produce distillers dried grains with solubles (DDGS).  The dry-grind process 
generates about 2.8 gallons of ethanol and 17 pounds of DDGS per bushel of corn (Bothast 
and Schlicher, 2005). 
“New” Corn Co-Products.  The dry-grind method is the preferred method for the 
production of fuel ethanol due to its efficiency and decreased capital investment.  However, 
the dry-grind process only produces few co-products for the animal feed industry, wet 
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distillers grain (WDG) and DDGS.  Wet milling is less efficient and is more expensive, but 
produces a variety of co-products.  The corn milling industry will continue to develop 
technology focused towards the efficient production of fuel ethanol, and thereby increase 
starch extraction.  Furthermore, fractionation technology has led to a modified dry-grind 
process that has contributed to obtaining higher yields out of the corn kernel.  Some of the 
benefits using fractionation technology include: increasing ethanol yield by approximately 
10%, utilizing fewer enzymes for ethanol production, decreasing drying costs and potentially 
decreasing heat damage to proteins because there is less mass to dry at the end of the ethanol 
production, utilization of less energy and water to produce ethanol and corn co-products, 
reduced system cleaning frequency when oil is extracted from the corn germ (high-value oil 
can be sold or used for other applications such as biodiesel production), and increasing the 
number of fractionated co-products which may add value to the co-products and diversify the 
markets (Shurson and Alghamdi, 2008). 
Fractionated Corn Processes.  Process modifications include front- and back-end 
fractionation.  Processes that involve fractionating the kernel into its components at the 
beginning or prior to fermentation are known as “front end fractionation”.  Fractionating the 
kernel into it components; endosperm, germ, and bran prior to fermentation is important in 
optimizing ethanol production.  Starch is the substrate used for the production of ethanol and 
is found in the endosperm.  The endosperm fraction is used for the generation of fuel ethanol 
while the other germ and hull fractions can be used for the generation of other corn co-
product feeds such as corn oil, germ meal, and bran. 
Processes such as quick germ (Singh and Eckhoff, 1996), quick fiber (Singh et al., 
1999), enzymatic milling (Johnston et al., 2003), and the COPE Process (Cheryan, 2002) are 
wet fractionation technologies that result in producing co-products such as corn oil, zein, 
germ, pericarp fiber, and endosperm fiber from various modifications of dry-grind ethanol 
production (Bothast and Schlicher, 2005).  These processes include soaking the corn kernel 
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or using enzymes to help separate the germ and fiber component from the fermentable starch 
component of the kernel.  A dry fractionation technology applied at the front-end of the dry-
grind process includes the dry degerm-defiber process (3D process).  The 3D process allows 
for the recovery of the germ and pericarp fiber at the beginning of the dry-grind process 
using technology similar to dry milling (Singh, 2006).  The results of this modified process 
increase the ethanol production capacity of the plant, increase protein content of the co-
product, and reduce the fiber content. 
High-protein dried distillers grains (HP-DDG) are the result of a fractionation 
technology known as BFrac® (Broin Companies, Sioux Falls, SD) that removes the hulls and 
germ of corn before it enters fermentation (Widmer et al., 2007).  Solubles are not mixed 
with the distillers dried grains (DDG) and as a result this high protein distillers dried grain 
(HP-DDG) product contains more protein (41% CP) and less fat (4% CF), fiber (8% ADF), 
and phosphorus (0.37%) as compared to DDGS (Widmer et al., 2007).  The increased DE 
and ME values of HP-DDG as compared to DDGS make it an attractive feed ingredient in 
swine diets (Widmer et al., 2007).  Corn germ is also generated from BFrac® technology and 
contains higher concentrations of CP (14%), fat (18% EE), fiber (6% ADF), and phosphorus 
(1%) than that of corn (Widmer et al., 2007). 
“Back-end” fractionation technology utilizes a two step process to extract corn oil 
after the entire corn kernel is fermented to produce ethanol.  Low-fat syrup is the result from 
the extraction of crude corn oil from thin stillage (Shurson and Alghamdi, 2008).  The low-
fat syrup undergoes a second extraction along with whole stillage to separate more corn oil.  
A low-fat distillers grain is the end-product from this process (Shurson and Alghamdi, 2008).  
The Elusieve™ process is one back-end fractionation technology that has been applied to 
dry-grind ethanol plants (Singh, 2006).  This relatively simple process recovers the pericarp 
fiber from the DDGS resulting in a higher protein and lower fiber feedstuff that can be 
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applied to non-ruminant markets.  The pericarp fiber can also be used in the recovery of corn 
fiber oil, and corn fiber gum. 
In addition to front-end and back-end fractionation, other technologies have 
developed to partially address some of the problems associated with drying distillers grains.  
Traditionally, cylindrical drum dryers are used to dry the remaining distillers grains after 
fermentation.  Drum drying is energy expensive and can lead to uneven heating of distillers 
grain which can produce an overheated or burned product.  Overheating distillers grain can 
lead to unwanted Maillard reactions which leave some of the protein in a bound fraction of 
carbohydrates and thus, amino acid availability (especially lysine) may be decreased or 
unavailable to the pig (Cromwell et al., 1993).  Microwave technology has been introduced 
as an alternative to drum drying and has potential to provide a more controlled drying 
temperature, reducing the risk of an overheated or burned product.  Microwave technology 
also promises a reduction in energy consumption, a reduction in air emission, and a safer 
more reliable drying system (Cellencor™, Ames, IA) 
Wet and dry fractionation technologies have important implications for the animal 
feed industry.  As ethanol production continues to increase from dry-grind ethanol plants, the 
primary co-product produced from this process, DDGS, will also continue to increases 
proportionately.  Currently, DDGS is utilized largely in the dairy and beef industries and has 
limited use as a feedstuff across non-ruminant species due to its high fiber content (Singh, 
2006).  Increasing the number of corn co-products produced via the dry-grind process 
maximizes ethanol yield, diversifies the market, and increases corn co-products and their 
utilization. 
Major Corn Co-products in Swine Feeds 
As the demands for ethanol production continue to rise, corn has become more 
expensive and limited for use in animal feeds.  Traditionally, ruminants (cattle) have been the 
major consumers of corn co-products, both wet and dried distillers grains with or without 
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solubles.  Due to their efficiency utilizing higher fiber and protein feedstuffs, cattle producers 
can include DDGS in diets at high rates (up to 50% of the diet) to achieve adequate 
performance (Klopfenstein et al., 2008).  On the other hand, the swine industry is the fastest 
growing food animal sector in supplementing DDGS into diet formulations (Neutkens, 
2006).  Furthermore, large concentrations of ethanol plants and large scale hog confinement 
operations exist in the Midwest.  The close proximity of these two industry sectors allows for 
greater access and decreased transport costs of ethanol corn co-products for pork producers. 
Dried Distillers Grains with Solubles (DDGS).  Dried distillers grain with solubles is 
a well researched corn co-product and can readily be included in swine diets.  The high fat 
and phosphorus content and availability make DDGS an attractive feed ingredient to 
supplement in swine diets (Stein and Shurson, 2009).  The ME content of DDGS has also 
been demonstrated to be similar to that of corn (Stein et al., 2006).  Distillers dried grains 
with solubles has been included in swine diets at levels from 10% in grower diets to as much 
as 50% in pregnant sow diets without negative impacts on performance (Wilson et al., 2003; 
Linneen et al, 2006; Stein and Shurson, 2009).  One of the biggest challenges when including 
DDGS in swine diets is feeding a co-product that is consistent in nutrient content and energy 
digestibility.  Different processing techniques from the various ethanol plants can drastically 
affect the appearance, palatability, and nutrient profile of DDGS.  As a result, the quality of 
the source of DDGS can affect the rate of inclusion in the diet (Cromwell et al., 1993; Stein 
and Shurson, 2009). 
Pork quality has also been a concern when feeding increasing levels of DDGS.  Corn 
DDGS contains about 10% oil, and of that corn oil has relatively high levels of unsaturated 
fatty acids (86.7%), linoleic acid (59%) and a low level of saturated fatty acids (13.3%).  
When feeding DDGS, there is potential to change the proportion of unsaturated fatty acids in 
the fat depots of the pig leading to soft fat problems (Shurson, 2006).  Soft pork fat is 
undesirable and affects processing of pork products.  It may cause pork products not to meet 
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product specifications and can lead to a lower price or value (Irie and Sakimoto, 1992; 
Shurson, 2006).  Problems that occur from soft pork fat include bacon sticking together, an 
oily appearance in the package, reduced product shelf life, and increased susceptibility to 
oxidative damage (NPPC, 2001; Carr et al., 2005; Shurson, 2006).  Sausage manufacturing is 
also affected as it creates an unattractive appearance, and the soft and highly unsaturated fat 
is easy to melt, which results in a fat coating on the product (Carr et al., 2005; Shurson, 
2006). 
While limitations exist when feeding DDGS to pigs, differing nutrient profiles of 
other ethanol co-products are of high interest in feeding programs.  Our current knowledge 
regarding inclusion rates and nutrient profiles of some of these co-products is limited due to 
the lack of nutritional information about these co-products. 
Corn Bran.  Corn bran is the most fibrous component of the corn kernel.  It is 
typically fed at high rates in cattle diets as compared to swine diets because cattle more 
efficiently utilize high fiber feedstuffs.  Corn bran is included in DDGS, gluten feed, mixed 
with solubles, or can be marketed as a separate feedstuff.  It has low energy (3,000 kcal/kg 
DM for ME), protein (11% CP), and fat (5% CF) content compared to that of corn.  Although 
corn bran is not typically fed to grow-finish pigs because of decreased digestibility, it can be 
added to sow diets to improve gastrointestinal health and reduce the incidence of 
constipation. 
Dehulled, Degermed Corn.  Digestible energy and ME values of dehulled, degermed 
corn has been determined to be higher than that of corn (Moeser, 2002).  The increased 
digestibility of dehulled, degermed corn could have positive environmental implications 
when feeding this product to pigs.  Moeser et al. (2002) noted a 67% decrease in fecal 
excretion when feeding dehulled, degermed corn to grower pigs as compared to corn, and 
further suggested that feeding this product may also have beneficial effects on odor 
production due to the decreased amount of digesta entering the cecum and large intestines in 
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the pig.  Because dehulled, degermed corn is a highly digestible, low fiber corn co-product, 
most of the digestion and absorption of nutrients in this co-product is done in the small 
intestine leaving little digesta to enter the large intestine and cecum. 
Corn Gluten Meal.  Corn gluten meal is a co-product from wet milling and is 
valuable for non-ruminants due to its high protein (67%) and low fiber content (2.4%) 
(Rausch and Belyea, 2006).  Corn gluten meal has relatively high phosphorus content which 
is valuable to most non-ruminants because of their high requirements for this mineral.  
However, the availability of phosphorus in corn grain is reduced because it is bound in the 
form of phytate and pigs utilize this poorly because they lack the intestinal enzyme phytase.  
Corn gluten meal has increased concentrations of xanthophylls which are desirable for the 
pigmentation of poultry products.  Despite its positive attributes, this co-product may have 
palatability concerns (bitter taste) and animals may refuse diets including corn gluten meal 
(Rausch and Belyea, 2006).  Corn gluten meal is used frequently in broiler chick and layer 
diets (Peter et al., 2000). 
Corn Gluten Feed.  Corn gluten feed is a co-product of wet milling and is more 
commonly used in ruminant diets due to its high fiber content.  Corn gluten feed is higher in 
protein than most ingredients and contains a large corn solubles fraction (69%) when 
compared to corn and DDGS (34 and 33% respectively) (Krishnamoorthy et al., 1982; 
Rausch and Belyea, 2006).  It is high in phosphorus but has a reduced availability in pigs due 
to the phytate complex.  Corn gluten feed may have a bitter taste that may lead to feed refusal 
(Rausch and Belyea, 2006).  Furthermore, corn gluten feed has been shown to have a 
relatively low DE and ME values for swine (Honeyman and Zimmerman, 1990.). 
Corn Germ Meal.  Corn germ meal is a wet milling product that is derived from the 
whole germ followed by hexane extraction.  This product is traditionally moderately high in 
fiber (13.1% CF), moderate in protein (11.5% CP), and moderate in oil (7.7%) (Rausch and 
Belyea, 2006).  The essential amino acid concentrations in this co-product make it attractive 
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for inclusion in non-ruminant diets (Kerr, 1985).  Additionally, other corn germ meal co-
products (Dakota Germ Corn germ dehydrated, POET Ethanol) are derived from dry-grind 
ethanol production and contain more oil and less fiber than traditional corn germ meal. 
Distillers Solubles.  Solubles are a highly digestible condensed liquid fraction of the 
dry-grind process and are typically high in fat and phosphorus and moderate in protein.  
Solubles are usually kept in a liquid form and added to other ingredients prior to drying.  If 
solubles are dried and subsequently added to the diet there may be some concern regarding 
particle size and flowability of feed through feeding systems depending upon the amount of 
solubles added.  Solubles when dried can form what is known as “syrup balls” which are 
hard in texture and can differ in size and shape.  Syrup balls may be problematic in feeders, 
reducing the flow of feed and may cause palatability problems if the texture is too hard or too 
big.  Solubles are usually not fed alone in high amounts because their mineral content may 
contribute to diarrhea or loose stools.  Magnesium, phosphorus, and sulfur are particularly 
high in solubles and these minerals have been used as ingredients in human laxatives.  
Instead solubles are used in combination with other ingredients as a binding ingredient and to 
increase palatability. 
Digestive Physiology of Swine 
Pigs are omnivorous monogastric animals that have a digestive tract capable of 
efficiently utilizing dietary carbohydrates and to some degree, an ability to utilize fibrous 
feedstuffs.  Major anatomical features in the digestive tract include: mouth, esophagus, 
stomach, accessory glands (salivary glands, liver, and pancreas), small intestines (duodenum, 
jejunum, and ileum), and large intestines (cecum, colon and rectum). 
The mouth contains lips, tongue, cheeks, and teeth.  Pigs have a total of 44 full 
permanent teeth by 1½ years of age that include incisors and canines used for cutting food 
and premolar and molar teeth that are used for grinding food into smaller particles 
(Longland, 1991; Yen, 2001).  During ingestion, feed is gathered in the mouth, masticated, 
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and swallowed.  Several salivary glands produce saliva to coat the food bolus with mucin as 
well as initiate the breakdown of carbohydrates.  The moisture content of the feed, among 
other factors, enhances saliva production from the salivary glands (Kidder and Manners, 
1978).  Porcine saliva contains α-amylase which coats the consumed food bolus for 
swallowing as well as initiating the digestion of carbohydrates, mainly starch.  Once 
swallowed, the food bolus is further lubricated by the tubuloacinar glands of the esophagus.  
The food bolus travels down the esophagus to the stomach by a series of peristaltic 
contractions. 
The stomach is comprised of four regions (esophageal, cardiac, gastric, and pyloric) 
and is a major site for both mechanical and chemical nutrient breakdown.  In general, when 
the stomach detects the presence of a food bolus, peristaltic activity and gastric secretions 
increase significantly.  Proteolysis is initiated in the stomach, while there is minimal 
carbohydrate breakdown and lipid hydrolysis in this region of the digestive tract.  Three 
types of cells line the luminal mucosa of the stomach: mucous cells that secrete mucus, 
parietal cells that secrete hydrogen and chloride, which then combine in the lumen to form 
hydrochloric acid (HCl), and chief cells which secrete proteases (Yen, 2001).  The presence 
of HCl greatly increases the acidity in the stomach to a pH 2.  This is essential for the 
activation of the major gastric protease, pepsin.  Several forms of pepsin are secreted in the 
stomach; and all forms have slightly different mechanisms of action, but all are secreted as 
zymogens and only undergo conformational changes at a specific pH, which in turn activates 
the enzyme.  Pepsin is activated from its precursor pepsinogen and hydrolyzes proteins from 
consumed feed into polypeptide fragments (Boron and Boulpaep, 2003).  At least half the 
proteins leaving the stomach are usually in the form of peptides, with a large form of 
peptides having 10 for fewer amino acids (Boisen and Eggum, 1991).  Pepsin activity is 
optimized at pH values between 2.0 and 3.5 with no activity when the pH exceeds 6.0 
(Longland, 1991).  An optimum pH and pepsin serve as autocatalytic agents by removing a 
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peptide from the N-terminal end of the pepsinogen molecule.  The contents in the fundic and 
pyloric regions of the stomach fall from a pH <5.0 to 2.0, resulting in pepsin activity that 
starts low and then increases rapidly.  Although protein degradation is the major function of 
stomach enzymes, some starch, hemicellulose, and sugar breakdown may also occur in the 
upper regions of the stomach by the fermentive activity of salivary amylase.  Fat is 
hydrolyzed in the stomach as well mainly through the action of gastric lipase (Boron and 
Boulpaep, 2003).  Short- and medium-chain fatty acids are released from triacylglycerols due 
to the action of gastric lipase and thus, may be important in the digestion of some dietary fats 
(Boisen and Eggum, 1991). 
The small intestine is composed of three regions; duodenum, jejunum, and ileum.  
The differences between the three regions are difficult to distinguish upon gross examination 
however; important morphological differences in the villi of these regions mark their 
distinction.  Differentiation of the jejunum and ileum is determined by the slightly thicker 
muscular coats of the ileum and its junction with the large intestines (Yen, 2001).  The 
duodenum makes up just 4 to 5% of the total length of the small intestines and receives the 
digested bolus from the stomach.  Gastric chyme coming from the stomach has a low pH and 
needs to be neutralized before advancing further along the digestive tract.  Both bile and 
pancreatic secretions are released in the duodenum and help buffer the acidic chyme from the 
stomach. 
Pancreatic exocrine secretions have two functions:  to neutralize chyme as it enters 
the duodenum in turn providing an appropriate pH that promotes enzyme activity, and 
supplying enzymes that aid in the digestion of carbohydrates, fats, and protein in the lower 
tract (Yen, 2001).  These proteinases and peptidases included: trypsin, chymotrypsin, 
elastase, and carboxypeptidases A and B and are secreted by the pancreas.  Some enzymes 
(all proteases and phospholipase A2) are secreted as proenzymes and others (α-amylase, 
chitinase, triacylglycerol lipase, cholesterol esterase, and ribonuclease I) are secreted as 
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active enzymes (Yen, 2001).  Free amino acids, di- and tri-peptides are absorbed at the brush 
border and mainly occur at the proximal jejunum (Boisen and Eggum, 1991). 
Pancreatic enzymes including pancreatic lipase, carboxylic ester hydrolase, and 
phospholipase A2 significantly enhance the hydrolysis of fats in the small intestine, and are 
enhanced or even require bile salts to emulsify fats (Boisen and Eggum, 1991).  Bile 
secretions incorporate a variety of organic and inorganic compounds including bile salts, 
phospholipids, cholesterol, mucus, bile pigments, Na, K, Cl, and bicarbonate (Kidder and 
Manners, 1978).  Bile salts and phospholipids significantly aid in digestive function by 
emulsifying dietary fats.  Emulsification facilitates fat absorption that mainly occurs in the 
jejunum.  Fat cannot be directly absorbed by the intestinal mucosa without being broken 
down into smaller micelles which are then drawn into less water soluble molecules such as 
cholesterol, carotenoids, tocopherols, and some undigested triacylglyerols (Gurr et al, 1989; 
Boisen and Eggum, 1991).  Bile acid secretion is largely dependent upon dietary fat to a 
certain extent; Juste et al. (1983), however, reported that high levels of dietary fat (20%) did 
not increase bile acid secretion.  Rather, high fat diets promoted an increased secretion of 
phospholipids and cholesterol. 
Starch hydrolysis is continued with pancreatic amylase in the lumen of the small 
intestine.  Maltose, maltotriose, and α-limit dextrans are reduced to glucose by maltase, 
sucrose, and isomaltase while lactose and sucrose are reduced to monosaccharides by lactase 
and sucrose (Boisen and Eggum, 1991). 
The large intestines comprise 30 to 60% of the total gastrointestinal content in the 
pig.  Digesta is retained in this area of the tract for 20 to 38 hours (Low and Zebrowska, 
1989; Yen, 2001).  This retention time is extensive compared to the stomach (0 to 2 hours) or 
the small intestines (2 to 6 hours) and is important for bacterial digestion of carbohydrates 
(Low and Zebrowska, 1989; Yen, 2001).  In the U.S., pigs have been typically fed high 
carbohydrate, low fiber diets such that bacterial digestive processes occurring in the cecum 
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and large intestines have been largely ignored.  However, in light of various high fiber co-
products available as a feedstuff for swine, fermentative processes in the hindgut become 
very important and deserve additional consideration. 
Carbohydrates that are not digested in the small intestine are fermented by microflora 
in the large intestine.  Dietary fiber and resistant starch are the primary substrates for 
fermentation and are fermented by cellulases, hemicellulases, pectinases, as well as other 
enzymes (Yen, 2001).  The degree of fermentation is largely dependent upon the source of 
fiber.  Additionally, the presence of nitrogen, minerals and vitamins are essential for the 
health of the microbial population in the hindgut (Yen, 2001).  Volatile fatty acids (VFA) or 
short chain fatty acids (SCFA) are the most important products resulting from fermentation.  
Acetate, propionate, and butyrate are rapidly absorbed and utilized as energy sources.  Small 
amounts of methane are produced as a by-product of hind gut fermentation and reduce the 
net energy gained from the production of VFA.  Fortunately, methane loss has been reported 
as minimal in the pig (0.1 to 3.0% of DE, NRC, 1998). 
The source of fiber affects the number of cellulolytic bacteria found in the hindgut 
and may increase with a prolonged feeding period of a high fiber diet.  Varel and Yen (1997) 
reported a two-fold increase in cellulolytic bacteria when feeding 40 or 96% alfalfa meal but 
found no difference when feeding 20% corncobs to sows.  Furthermore, the number of 
cellulolytic bacteria can represent up to 10% of the culturable microflora when high fiber is 
fed and is 6.7 times higher in sows than adult growing pigs (Yen, 2001). 
Additionally, the bacterial digestion of protein is an important part of large intestine 
digestive function.  Zebrowska (1982) reported that 2 to 15 g of N enter the cecum daily in 
pigs weighing 30 to 50 kg.  Forty to sixty percent of this N is present as intact dietary 
proteins or proteins of endogenous and bacterial origin, and the remaining portion is present 
as peptides, free amino acids, urea, ammonia, and others (Yen, 2001).  The composition of 
dietary N, dietary fiber type, and the rate of fiber passage affect the flow of N entering the 
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large intestine.  One quarter of N entering the lumen of the large intestines is in the form of 
urea, mucins, and sloughed epithelial cells, and is supplied to the microflora of the wall of 
the large intestines (Yen, 2001).  The microflora in the large intestine are capable of breaking 
down the majority of endogenous and exogenous sources of nitrogen and the resulting end 
products are ammonia, amines, VFA, and microbial proteins and amino acids.  Increasing 
levels of dietary fiber also increase the amount of N excreted in the feces. 
The microbial flora of the large intestine significantly alters the composition of 
dietary fat.  Unsaturated fatty acids are hydrogenated, cholesterols are reduced, and 
conjugated bile acids are hydrolyzed.  These extensive alterations of dietary fat make it 
difficult to asses the digestibility of lipids through fecal samples. 
Water retention is also an important role for the large intestine.  Liebler et al. (1992) 
showed that as water cycled through the digestive tract, the dry matter of the digesta 
increased 13 to 20% in the first third of the colon and increased to 25% in the last two thirds 
of the colon.  Less digestible, higher fiber diets lead to the increase in water cycling through 
the large intestine for absorption.  Additionally, water absorption is a passive process that 
couples with sodium to facilitate the movement of water across cells.  Sodium (and 
magnesium) is transported efficiently in the large intestines (Yen, 2001). 
Methods Used to Determine Nutrient Digestion and Energy Values 
The in vivo model.  The in vivo model is currently the “gold standard” when 
conducting nutrient metabolism trials in pigs.  Details of the methodology vary among 
research groups, however it usually involves isolating individual pigs in metabolism crates 
where separate but total collection of urine and feces can be obtained.  Pigs typically have 
free access to water and are offered a diet through an individual feeder during an initial 
adaptation phase of 3 to 7 days (Adeola, 2001).  However, appropriate adaptation periods 
vary depending on the diet ingredients, particularly among fibrous feedstuffs.  Some studies 
have shown that longer adaptation periods may be necessary when using high fiber diets due 
28 
 
to the changes that occur in the hindgut (Pollmann et al., 1979; Ehle et al., 1982; Stanogias 
and Pearce, 1985).  After adaptation, feces and urine are collected for a predetermined time 
frame, usually lasting 4 to 6 days (Adeola, 2001).  After total collections of urine and feces 
have been obtained, subsamples of diets, feces, and urine are collected and analyzed for 
energy and (or) other nutrients of interest. 
The in vivo model is the preferred method because it provides a biological model that 
best represents the actual digestion and nutrient utilization of pigs of a particular age, weight, 
sex, or production phase when fed a particular feedstuff or diet.  However, due to the 
duration, cost, labor, and potential animal welfare concerns when using in vivo models, other 
methodologies have been explored and used as a means of producing similar results. 
Inert Markers.  Using the pig as a model, an intert marker is often mixed in with the 
diet to labels the meal as it passes through the digestive tract.  For fecal collections using the 
‘marker-to-marker’ method, a marker is included in the diet on d 0 with fecal material 
collected when the marker shows up in the feces.  A second marker (the same or different 
marker used on d 0) is added to the diet on the last day of collection, with feces continuing to 
be collected until the second marker shows up in feces, indicating the termination of the fecal 
collection period.  Ideal markers are inert materials that are totally indigestible and 
unabsorbable, pharmacologically inactive within the digestive tract, pass through the tract at 
a uniform rate similar to the rest of the digesta, can be easily and inexpensively determined 
chemically, and are preferably a substance naturally found in the feed (Jagger et al., 1992).  
Markers can also provide a method of calculating the digestibility of a nutrient when 
metabolism studies cannot be conducted (Jagger et al., 1992).  Several substances can be 
used as markers, such as rare earth elements and insoluble forms of minerals (Gabert et al., 
2001).  Although ferric oxide, dysprosium chloride, cobalt ethylenediaminetetraacetic acid 
(EDTA), lanthanum, samarium, ytterbium chloride, and acid insoluble ash have been used as 
dietary markers, the most common markers used in swine diets are chromic oxide and 
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titanium oxide (Gabert et al., 2001).  The use of markers in digestibility studies has been 
suggested to affect palatability and recovery rates.  Additionally, health concerns have been 
an issue with the use of chromic oxide (Jagger et al., 1992). 
In vitro Analysis.  Due to the extensive use of time, labor, animals, and feed needed 
to conduct in vivo metabolism trials, significant research has been done to develop in vitro 
methods that accurately predict energy digestibility values observed in pigs (Fuller, 1991; 
Boisen and Eggum, 1991; Boisen and Fernandez, 1997; Spanghero and Volpelli, 1999; Coles 
et al., 2005; and Noblet and Peyraud, 2007; Regmi et al., 2008).  Ideally, a successful in vitro 
method would be one that is cost effective, highly accurate, easily performed with few 
sources of error, repeatable for commercial use with low variability across labs, and 
generates results rapidly.  Other considerations in developing a robust in vitro model are that 
it must be able to address differences among pigs such as age, sex, and production stage and 
be appropriate for the purpose of ingredient or diet analysis (i.e. energy digestibility vs. 
amino acid digestibility, etc.; Fuller, 1991).  Several in vitro approaches have been developed 
that include the use of commercially manufactured enzymes, intestinal fluids obtained from 
live animals, microorganisms from fecal inocula, dialysis, pH-drop, calorimetric, or filtration 
methods (Fuller, 1991; Boisen and Eggum, 1991). 
The in vitro filtration method established by Boisen and Fernandez (1997) has been 
officially adopted in Denmark for the practical evaluation of total tract digestibility of mixed 
diets for pigs (Spanghero and Volpelli, 1999).  This method utilizes three enzymes (pepsin, 
pancreatin, and Viscozyme®) in three incubation phases (2 h, 6 h, and 18 h, respectively) to 
determine organic matter digestibility (OMD).  This process has been designed to mimic the 
gastric, pancreatic and hindgut digestion seen in pigs, respectively.  The least specific 
enzyme used in this process is Viscozyme®, which is a multi-enzyme complex that contains 
a wide range of carbohydrases including arabinase, cellulase, β-glucanase, hemicellulase, 
pectinase, and xylanase (Coles et al., 2005).  The theory behind this enzyme complex is that 
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it is more representative of hindgut fermentation observed in pigs compared to previous in 
vitro techniques that have used a single enzyme such as cellulase (Coles et al., 2005).  The in 
vitro technique described by Boisen and Fernandez (1997) uses a 0.5 g feed sample and three 
separate digestion processes conducted serially over a 24 hour period.  Blanks are used to 
correct for organic matter (OM) residual from enzymes as well as standards to evaluate 
samples between a series.  At the end of incubation, samples are filtered, dried, weighed, 
ashed, and weighed again to determine organic matter digestibility (OMD). 
Other in vitro techniques have employed the use of endogenous microflora from 
intestinal fluid and fecal innocula (Furuya et al., 1979; Wang et al., 2004) rather than using 
commercial enzymes to mimic the digestion and hind-gut fermentation in the pig.  Furuya et 
al. (1979) utilized intestinal fluid from the upper jejunum of the pig for an in vitro assay used 
to test the organic matter digestibility of commonly fed diets.  A high correlation (r = 0.98) 
between in vitro and in vivo methods were found, but further modifications would need to be 
made if high fiber diets were tested as this method only assessed stomach and small intestinal 
digestion. Using fecal innocula for in vitro assays involve obtaining feces from pigs that have 
been adapted to the diet being studied and suspending it in an anaerobic environment 
(constant flow of CO2 and anaerobic salt medium, Wang et al., 2004).  The reproducibility of 
either method could be highly variable due to variation in gastrointestinal health and 
digestibilities noted in live animals. 
Chemical Analysis.  Identifying the nutrient profiles of a feed source via chemical 
analysis is a useful tool, especially when the nutrient composition of a feedstuff or diet is 
unknown.  A variety of parameters can be evaluated by established laboratory procedures 
(AOAC) by various laboratories throughout the world. 
Determining the GE and DM content of a feed is a relatively simple process requiring 
a bomb calorimeter and a heated dessicator.  Gross energy evaluates the total amount of 
energy in the feed, but it does not accurately reflect the amount of energy available to the 
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animal.  Dry matter content is a calculation and is measured by difference from obtained 
moisture content. The determination of the DM content of a feed is important because it 
allows for direct comparisons to be made among different feedstuffs which can vary 
substantially in water content. 
Ash content represents the inorganic components in the feed and is measured by 
heating the sample to 600˚ C for 2 h (AOAC Official Method 942.05) or until all carbon or 
organic matter has been removed (Kusina and Pettigrew, 2009).  Organic matter is found by 
difference from the ash content and represents the potential nutrients and energy available to 
the animal. 
Crude protein is an estimate of the protein (amino acids) found in a feedstuff.  It is 
calculated by multiplying the nitrogen content in the feed by 6.25.  The correction factor of 
6.25 is used because, on average, proteins contain 16% nitrogen, or 16 g of nitrogen per 100 
g protein (AOAC, 1984).  However, this calculation is not always a precise estimate of the 
true protein in feeds because it does not account for sources of non-protein nitrogen (NPN) 
(Kusina and Pettigrew, 2009).  At least some portion of the nitrogen found in most feedstuffs 
is in the form of NPN.  A true indicator of protein quality is assessed by determining the 
amino acid (AA) balance of that feedstuff.  Amino acids are the building blocks of protein 
with 10 AA being classified as essential amino acids (EAA).  Essential amino acids cannot 
be synthesized by the pig and are required in the diet.  Histidine, isoleucine, leucine, lysine, 
methionine, phenylalanine, threonine, tryptophan, arginine, and valine are the EAA for adult 
pigs and of these, lysine is the first-limiting amino acid in typical cereal based swine diets 
(Lewis, 2001). 
The lipid content of a feed is typically expressed by crude fat, also known as ether 
extract (EE).  Ether extract is determined by extracting a ground feed sample with diethyl 
ether, petroleum ether, or acid hydrolysis (AOAC, 1984).  True fats, oils, fatty acid esters, 
compound lipids, and fat soluble vitamins or provitamins (carotenoids) all may have 
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nutritional value in the ether soluble component (ether extract) (Kusina and Pettigrew, 2009).  
However, EE may also contain indigestible waxes, resins and essential oils that are not 
utilized by the animal (Kusina and Pettigrew, 2009). 
In the most general terms, dietary fiber is the coarse-textured portion of edible 
materials that is difficult to digest and adds bulk to digesta and feces (Mertens, 2003).  Fiber 
was first described as plant cell wall components in the diet that were resistant to hydrolysis 
by mammalian enzymes and later broadened to include all indigestible polysaccharides, such 
as gums and mucilages, whether or not they originate from the plant cell wall (Burkitt et al., 
1972; Trowell, 1974, 1976).  Fiber can only be truly measured by biological digestive 
processes of the animal but analytical methods have been developed to quantify the various 
fractions that make up fiber (Mertens, 2003). 
Crude fiber (CF) is one of the first methods in determining insoluble fiber content in 
feedstuffs and has proven to be a very robust and repeatable method (Mertens, 2003).  At the 
time of its development, acid and alkaline processes were known to have a role in digestion 
however, enzymes were not (Mertens, 2003).  Crude fiber is the residual after the digestion 
of a sample with 1.25% of sulfuric acid and 1.25% sodium hydroxide (Cho et al, 1997; 
Furda, 2001; Urriola, 2009).  There are two official methods that measure crude fiber 
gravimetrically by difference in weights of a test sample in animal feeds: AOAC Offical 
Method 962.09 – crude fiber in animal feeds and pet foods, ceramic fiber filter method or 
AOAC Official Method 978.10 – crude fiber in animal feeds and pet foods, fritted glass 
crucible method (AOAC, 2002; Mertens, 2003).  The main difference between the two is the 
addition of ceramic fiber precoating on filters when analyzing extremely fine samples 
(Mertens, 2003).  Crude fiber is not widely used to indicate the fiber content in a feedstuff 
because there is no relationship between crude fiber and any nutritional definition of dietary 
fiber (Mertens, 2003) because the recovery of cellulose (40-100%), hemicelluloses (15-20%), 
33 
 
and lignin (5-90%) is not complete (Greishop, 2001; Mertens, 2003).  Crude fiber is mainly 
used in feed labeling regulations (Mertens, 2003). 
Acid detergent fiber (ADF) can be determined by using AOAC Official Method 
973.18 – Fiber (acid detergent) and lignin in animal feeds, and is used to quantify the 
cellulose and lignin fraction of plant carbohydrates by using sulfuric acid. 
Neutral detergent fiber (NDF) is measured using a chemical solubility-gravimetric 
method that has been modified from its original version by Van Soest and Wine (1967) to 
include α-amylase which aids in the removal of starch.  Anionic detergent and sodium sulfite 
is used to extract protein while hot detergent and acetone is used to extract soluble fiber and 
fats (Mertens, 2003).  Neutral detergent fiber was initially designed to isolate the insoluble 
dietary fiber components in plant cell walls including cellulose, hemicellulose, and lignin 
(Van Soest and Wine, 1967). 
Total dietary fiber (TDF) quantifies soluble and insoluble dietary fiber.  There are 
several AOAC methods for measuring TDF, insoluble dietary fiber (IDF) and soluble dietary 
fiber (SDF).  The initial AOAC method for TDF was 985.29 – Total dietary fiber in food, 
enzymatic gravimetric method which did not allow for the separation of soluble and 
insoluble fractions (Mertens, 2003).  Soluble and insoluble fractions can be measured by 
AOAC Official Methods 993.16 and 991.42 respectively.  A more recent AOAC Official 
Method, 991.43 – Total, soluble, and insoluble dietary fiber, enzymatic-gravimetric method 
can be used as a more detailed analysis of TDF (Mertens, 2003).  Measuring TDF requires 
the use of enzymes (amylase, glucoamulase, and protease) to mimic digestion in the small 
intestines, and then the residue is weighed (Theander and Ǻman, 1979; Urriola, 2009).  The 
residue is also analyzed for undigested proteins and ash.  Therefore, the reproducibility of 
TDF is less than that of CF, ADF, or NDF, is more time consuming, and more expensive 
than CF, ADF, or NDF (Mertens, 2003).  More work is needed to improve the procedure for 
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TDF to include low molecular weight indigestible carbohydrates and correct for 
contaminants of the indigestible residue (Gordon et al., 2007; Urriola, 2009) 
The quantity of several macro and micro minerals can be evaluated in feeds.  These 
include calcium, phosphorus, magnesium, potassium, sodium, sulfur, chlorine, copper, zinc, 
iron, manganese, and selenium.  Mineral content can be measured by ashing the sample, 
treating it with HNO3 and dissolving it in HCl.  Mineral content can then determined by 
inductively coupled plasma emission spectroscopy as described by AOAC Official Method 
985.01.  Other methods include the use of flame atomic absorption spectroscopy (AOAC 
Official Methods 968.08, 975.03), flame emission photometry (AOAC Official Method 
956.01), gravimetric (AOAC Official Methods 956.01 and 920.08), and volumetric methods 
(AOAC Official Methods 958.03 and 935.14). 
Prediction Equations.  The establishment of prediction equations was developed out 
of necessity.  Metabolism trials and in vitro assays are good systems for determining the 
energy of feedstuffs, however, their use is not always practical and is limited primarily to 
research situations.  Noblet and Perez (1993) conducted an extensive series of experiments in 
an effort to generate prediction equations that nutritionists can use to predict the energy 
concentration in swine diets.  Fifty equations were established from 114 diets estimating DE, 
ME, the digestibility coefficient of energy, and the ME:DE ratio (Noblet and Perez, 1993).  
However, the prediction equations established in this study were only applicable to complete 
diets and not ingredients.  Other studies have established prediction equations for specific 
groups of ingredients such as barley (Fairbairn et al., 1999), meat and bone meal (Olukosi 
and Adeola, 2009), DDGS (Pedersen et al., 2007), but prediction equations for a wide range 
of corn co-products have yet to be explored. 
Limitations of Current Methods in Predicting DE and ME of Corn Co-products 
The economic pressures on the swine industry create a need to produce pork as 
efficiently as possible and the use of accurate energy values of feed ingredients are essential 
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in accomplishing this.  However, due to the nature of a biological system it is extremely 
difficult to account for every source of variability that would contribute to energy gains or 
losses.  Traditional metabolism trials offer a biological system that accurately represents the 
energy flow in the pig.  The costs, labor, and lengthy turnaround limit the use of this method 
in some situations.  Laboratory in vitro assays have been a welcomed approach to addressing 
this problem, however, some of these models can be complex, are not necessarily user 
friendly, and have inaccurate results.  Using a prediction equation based on the chemical 
composition of a feedstuff to generate energy values is a straightforward approach that is 
relatively easy to apply.  However, due to the large number of prediction equations available 
(Noblet and Perez, 1993, Noblet et al., 1994, NRC, 1998), leads to confusion on how to 
select the most appropriate model.  Furthermore, equations can easily be used outside of their 
intended use (using them to predict energy of ingredients instead of diets and vice versa) 
leading to inaccurate estimates for energy. 
Summary 
In summary, swine nutritionists face great challenges in finding and appropriately 
utilizing acceptable alternative feedstuffs for pigs.  Accurate predictions for energy in 
feedstuffs continue to be a great interest to swine producers because energy contributes a 
significant expense to feed costs.  The supply of corn co-products will continue to develop as 
technology develops and more products will become available for use in monogastric diets.  
The energy values for these emerging feedstuffs need to be determined in a timely fashion 
such that producers can make educated decisions on whether to include the new ingredient in 
diet formulations.  Highly fibrous ingredients are difficult to include in swine diets due to the 
poor digestibility and low energy values of these products.  Increases in hindgut fermentation 
capability contribute to increases in the capacity to utilize fiber fractions in finishing pigs as 
compared to smaller growing pigs, but accurate prediction estimates for fibrous products 
36 
 
need to be established.  Furthermore, determining the digestibility and energy values for a 
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Figure 1. Energy flow diagram depicting the energetic losses involved with digestive and metabolic processes.  
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ABSTRACT 
Twenty corn co-products from various wet- and dry-grind ethanol plants were fed to 
finishing pigs to determine DE and ME and to generate equations to predict energy based 
upon each ingredient’s chemical analysis.  Co-products included: DDGS (7), HP-DDG (3), 
bran (2), germ (2), gluten meal and feed, dehulled, degermed corn, dried solubles, starch, and 
corn oil.  The control diet was based on corn (97.1%), limestone, dicalcium phosphate, salt, 
vitamins, and trace minerals.  All but two test diets were formulated by mixing the control 
diet with 30% of a co-product.  Dried solubles and oil were included at 20% and 10%, 
respectively.  Eight groups of 24 finishing gilts (n=192, 112.7 final BW ± 7.9 kg) were 
randomly assigned to a test diet and each diet was fed to a total of 8 pigs.  Gilts were placed 
in metabolism crates and fed an amount equivalent to 3% BW daily for 9 d followed by 
separately collecting feces and urine for 4 d.  Ingredients were analyzed for moisture, GE, 
CP, crude fat (EE), crude fiber, NDF, ADF, total dietary fiber (TDF), and ash.  Gross energy 
was determined on the feed, feces, and urine to calculate DE and ME for each ingredient.  
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Digestible energy ranged from 2,517 to 8,988 kcal/kg DM for corn gluten feed and corn oil, 
respectively, while ME ranged from 2,334 to 8,755 kcal/kg DM for corn gluten feed and corn 
oil, respectively.  Three equations for DE, 4 equations for ME, and 1 equation for ME:DE 
were generated using stepwise regression.  The best equations were: DE, kcal/kg DM = 
(0.985 × GE) – (31.856 × TDF) – (34.010 × Ash) (r2 = 0.96, SE = 275, P < 0.01) and ME, 
kcal/kg DM = (0.949 × GE) – (32.238 × TDF) – (40.175 × Ash) (r2 = 0.95, SE = 306, P < 
0.01).  Additionally, subsequent equations for DE and ME (lowest r2 = 0.89) included 
alternative parameters of CP, EE, and NDF in the event that GE and TDF could not be 
generated by other laboratories.  These results indicate that energy content varied 
substantially among corn co-products and the best predictors of DE and ME for corn co-
products in finishing pigs are GE, TDF, and ash, but other equations may be used if GE and 
TDF cannot be determined. 
Key words:  corn co-products, DE, ingredient analysis, ME, pigs, prediction equations 
INTRODUCTION 
Dietary energy is the most expensive component of swine diets.  Corn is the principal 
cereal grain for swine diets because it is widely grown in the United States, has a high 
available energy content, and is generally, very economical.  For similar reasons, particularly 
the high starch content, the biofuels industry primarily uses corn for the production of 
ethanol.  Currently, 170 wet and dry-grind plants are operational in the United States with 
only 9 of these plants not using corn as their major feedstock for fuel production (Renewable 
Fuels Association, 2009).  Milo, barley, cheese whey, sugar cane, potato waste, wood waste, 
and beverage waste are other substrates used for ethanol production.  The majority (67%) of 
ethanol produced in the United States is accomplished by dry-grind milling which generates 
co-products such as dried distillers grains with solubles (DDGS) (Bothast and Schlicher, 
2005).  Wet and dried distillers grains with solubles is a moderately high fiber product that 
has been used widely in cattle diets, but has historically had a limited inclusion in swine diets 
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due to their decreased capacity for fiber utilization.  Current developments in ethanol 
production technologies are increasing the efficiency of starch, oil, and ethanol production 
extraction, thereby, generating “new” co-products that may have potential use in the swine 
industry.  Energy values for these “new” corn co-products do not exist in the scientific 
literature and as a result, further research in this area is warranted.  Prediction equations 
using chemical analysis of feed ingredients can be a useful tool, but are currently only 
available for complete diets (Noblet and Perez., 1993) and DDGS (Pedersen et al., 2007).  
The objectives of this study were two fold:  (1) determine the digestible (DE) and 
metabolizable energy (ME) content of 20 corn co-products in finishing pigs, and (2) generate 
prediction equations for DE and ME for corn co-products based on chemical analysis. 
MATERIALS AND METHODS 
General Procedures 
The Institutional Animal Care and Use Committee at Iowa State University approved 
all experimental protocols (12-07-6480-S).  Gilts used in this research were offspring from 
PIC Camborough 22 sows × L337 boars.  Metabolism trials were conducted over a 7 mo 
period from January 2008 thru July 2008 and were conducted at the Iowa State University 
Swine Nutrition and Research Farm in Ames, IA. 
Twenty corn-co products from various wet- and dry-mills, and dry-grind ethanol 
plants were obtained from throughout the United States (Table 1).  Co-products ranged 
widely (produced by different processes) in nutrient composition and included: DDGS (7 
samples), high protein-dried distillers grains (HP-DDG) (3 samples), bran (2 samples), corn 
germ meal (2 samples), gluten meal and feed, dehulled, degermed corn, corn starch, corn 
dried solubles, and corn oil. 
In total, there were 8 groups of 24 finishing gilts (n=192, 112.7 final BW ± 7.9 kg) 
housed individually in metabolism crates (1.2 m × 2.4 m) that allowed for separate, but total 
collection of feces and urine.  Each crate was equipped with its own feeder and nipple 
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waterer to which the pigs had free access.  Within each group, 24 gilts were randomly 
assigned to one of five test diets (co-product) or the control (basal) diet for a total of 4 
replications per dietary treatment per group.  Two groups of gilts were used for each set of 
ingredients resulting in 8 replications per test diet. 
Gilts were fed a standard corn-soybean diet prior to experimentation and were 
weighed at the beginning and end of the metabolism trial.  The basal diet contained 97.1% 
corn in addition to limestone, dicalcium phosphate, salt, vitamins, and trace minerals (2.9%) 
(Table 2).  Corn was selected for the basal diet because it is a well documented cereal grain 
with an established energy value (NRC, 1998) that could be used to validate our 
methodology for energy determination.  Likewise, corn starch and oil were included as test 
ingredients because they represent low fiber extremes that also have well documented energy 
values and can be used as additional internal controls in this study.  Diets were formulated by 
mixing the basal diet with the test ingredient and all diets were fed in meal form (test 
ingredient particle size range: 330 to 2166 µm).  Test ingredients were included in the test 
diet at a level of 30% (70% control diet) for several reasons: to include the test ingredient in 
the diet at a detectable level (>10% of the diet), to reduce concerns of feed refusal if co-
products were fed in high amounts (>50% of the diet), and to reflect an inclusion level that 
was representative of common feeding practices in the swine industry.  The exception to this 
was for corn dried solubles and corn oil which were included in the diets at 20% and 10%, 
respectively.  Feed was provided to the gilts once daily at a level equivalent to 3% BW per 
day during the 9 d adaptation and 4 d collection period.  Total feed offered and residual feed 
wasted was weighed and recorded at the end of the 4 d collection period.  If pigs refused their 
diets for all or the majority of the 9 d adaptation period (> 20% feed refusal) they were 
removed from this study.  Water was available at all times. 
During the 4 d total fecal and urine collection period, stainless steel wire screens were 
placed under each metabolism crate for total fecal collection while stainless steel buckets 
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containing 30 mL of 6 N HCl were placed under each crate for the total urine collection.  
Feces and urine were collected once daily and stored at 0˚C until the end of the collection 
period.  At the end of the collection period, feces were pooled over the 4 d period, dried in a 
70˚C forced air oven, weighed, ground through a 1-mm screen, and a subsample was taken 
for further analysis.  Likewise, urine samples were pooled over the 4 d period, thawed at the 
end of the collection period, weighed, and a subsample was collected for further analysis. 
Chemical Analysis 
Feedstuff samples were ground through a 1-mm screen and ingredient composition 
was determined by a commercial laboratory (University of Missouri Agriculture Experiment 
Station Chemical Laboratories, Columbia, MO; Tables 3 and 4).  Dry matter content was 
determined by AOAC Official Method 934.01.  Gross energy for feedstuffs, feces, and urine 
samples were determined in duplicate using an isoperibol bomb calorimeter (model number 
1281, Parr Instrument Co., Moline, IL) and benzoic acid was used as a standard.  Urinary 
energy was determined by adding 1 mL of filtered subsample urine to 0.5 g of dried cellulose 
and subsequently dried at 50˚C for 24 h.  Urine addition and subsequent drying was repeated 
three times, for a total of 3 mL of filtered subsample urine, over a 72 h period prior to urinary 
energy determination.  Urinary energy was determined by subtracting the energy contained in 
cellulose from the combined urine plus cellulose. 
Calculations 
Energy intake was calculated as the product of GE content of the treatment diet and 
the actual feed intake over the 4 d collection period.  Apparent DE was calculated by finding 
the difference between the GE of the dietary treatment and the GE content of excreted feces.  
Metabolizable energy was calculated by finding the difference between apparent DE and 
urinary GE.  The apparent DE and ME values of the test ingredients fed to the pigs were 
subsequently estimated by difference from the basal diet as described by Adeola, (2001).  All 




Using the individual pig as the experimental unit, data from each experiment were 
subjected to ANOVA with group and treatment in the model (SAS Inst. Inc., Cary, NC), and 
means reported as LS MEANS.  The same basal diet was used among all groups, therefore 
the basal DE and ME of the basal diet was used as a covariate to determine DE and ME 
values, respectively.  Stepwise regression was used to determine the effect of the feedstuff 
composition on apparent DE, ME, and DE:ME with variables having P-values < 0.15 being 
maintained in the model. 
RESULTS AND DISCUSSION 
DE and ME estimates.  The goal of this study was to evaluate a wide variety of corn 
co-products and not to specifically evaluate the energy content of various corn co-product 
samples.  As expected, nutrient composition of the corn co-products varied substantially 
(Table 3).  Ingredients included in this study were: low in fiber (starch, oil, dried solubles, 
and dehulled, degermed corn), moderate in protein and fiber (DDGS, 7 samples), high in 
protein (corn gluten meal; HP-DDG, 3 samples), and high in fiber (bran, 2 samples; corn 
germ meal, 2 samples; corn gluten feed).  The concentration of CP among co-products 
ranged from 8.3% to 66.3% for dehulled, degermed corn and corn gluten meal, respectively.  
Starch content ranged from 0.5% to 100% for HP-DDG (MOR) and starch, respectively.  
Crude fiber ranged from 0.08% to 11.5% for dried solubles and bran (without solubles), 
respectively.  Total dietary fiber (TDF) ranged from 2.6% to 53.6% for dehulled, degermed 
corn and bran (without solubles), respectively.  Neutral detergent fiber (NDF) ranged from 
2.3% to 61.1% for dried solubles and corn germ meal, respectively.  Acid detergent fiber 
(ADF) ranged from 0.5% (dehulled, degermed corn and dried solubles) to 25.4% (HP-DDG 
MOR).  Cellulose ranged from 0.8% to 22.6% for dehulled, degermed corn and HP-DDG 
(MOR), respectively.  Lignin ranged from 0.3% to 3.5% for dried solubles and RO-DDGS, 
respectively.  Crude fat (ether extract) ranged from 0.2% to 18.5% for dehulled, degermed 
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corn and corn germ dehydrated, respectively.  Ash ranged from 0.5% to 14.08% for dehulled 
degermed corn and dried solubles, respectively. 
Most ingredients were obtained from various dry-grind ethanol plants with the 
exception of corn gluten meal, corn gluten feed, and corn germ meal which were obtained 
from various corn wet milling plants.  Dehulled, degermed corn was a co-product from corn 
dry-milling industry, while corn starch and corn oil were obtained from refined industries.  
Corn starch and corn oil were included as ingredients to compare to NRC (1998) and to 
validate our methodology for energy determination. In addition, these ingredients provided a 
highly digestible, low fiber reference point for comparison to the other corn co-products 
evaluated.  They were not, however, included in chemical analysis due to their purity and 
lack of other nutrients. 
Dried distillers grain with solubles has a reputation of variable nutrient compositions 
which is largely dependent upon the plant source (Spiehs, et al., 2002; Pedersen et al., 2007).  
The DDGS co-products selected for this study included differences among quality as well as 
processing techniques.  The cost of drying distiller’s grain is an expensive process and 
cylindrical drum drying, which is traditionally used, has some potential to cause overheating, 
burning, and unwanted Malliard reactions (Pahm et al., 2009).  Overheating can cause a 
negative effect on the palatability as well as the availability of nutrients and energy to the 
animal (Cromwell et al., 1993; Pahm et al., 2009).  To partially evaluate the impact of drying 
process on digestibility, an alternative drying method for DDGS using microwave technology 
(Cellencor™, Ames, IA) was also included in our sample collection compared to a similar 
product that was drum dried.  De-oiling distiller’s grain is sporadically occurring in the dry-
grind industry, thus we also obtained a DDGS co-product had its oil content removed using 
hexane extraction resulting in a DDGS with only 3.2% crude fat compared to traditional 
DDGS that ranges 8 to11% (Spiehs, 2002). 
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With the wide range in corn co-product composition, DE and ME varied substantially 
(P < 0.01, Table 5).  Low fiber co-products (starch, oil, dried solubles and dehulled, 
degermed corn) had a range in DE from 4,082 to 8,988 kcal/kg DM, respectively and a range 
in ME from 4,080 to 8,755 kcal/kg DM, respectively.  The 7 DDGS samples ranged in DE 
from 3,705 to 4,332 kcal/kg DM, respectively, and ranged in ME from 3,414 to 4,141 kcal/kg 
DM, respectively.  The high protein co-products (corn gluten meal and 3 sources of HP-
DDG) ranged in DE from 3,994 to 5,047 kcal/kg DM, respectively, and a range in ME from 
3,676 to 4,606 kcal/kg DM, respectively.  The remaining fibrous feedstuffs (2 sources of 
bran, and 1 source each of corn gluten feed and corn germ meal) ranged in DE from 2,517 to 
3,889 kcal/kg DM, respectively, and ranged in ME from 2,334 to 3,692 kcal/kg DM.  Only a 
few energy values for the corn co-products evaluated in this study were available for 
comparison from data in the published literature.  The NRC (1998) lists energy values for 
corn (DE = 3,961 kcal/kg DM; ME = 3,843 kcal/kg DM), starch (DE = 4,040 kcal/kg DM; 
ME = 4,025 kcal/kg DM), and corn oil (DE = 8,755 kcal/kg; ME = 8,405 kcal/kg).  In 
comparison, the DE and ME values determined in this study were 3,885 and 3,805 kcal/kg 
DM for corn, 4,082 and 4,080 kcal/kg DM for starch, and 8,988 and 8,755 kcal/kg DM for 
oil, respectively.  Our values were similar to NRC given our experimental pooled SD of 363 
kcal/kg DM for DE and 413 kcal/kg DM for ME, respectively.  Using starch and oil as 
established co-products as internal controls, this finding showed that our animal and 
laboratory techniques, as well as the difference method for ingredient energy determination 
provided estimates in agreement to previous values. 
Digestible and metabolizable energy for corn gluten meal published in the NRC 
(1998) is 4,694 and 4,255 kcal/kg DM, respectively, and compares favorably to our 
determined DE and ME values of 5,047 and 4,598 kcal/kg DM, respectively.  Likewise, the 
NRC (1998) DE and ME values for corn gluten feed are 3,322 and 2,894 kcal/kg DM and are 
slightly higher than our obtained values of 2,517 and 2,334 kcal/kg DM, respectively. 
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The 7 DDGS selected for this study varied substantially in composition and 
processing technique.  Digestible energy for DDGS ranged from 3,705 (SD-BPX) to 4,332 
kcal/kg DM (WI) with an average of 4,006 kcal/kg DM.  Metabolizable energy values for 
DDGS ranged from 3,414 kcal/kg DM (SD-BPX) to 4,141 kcal/kg DM (WI) with an average 
of 3,770 kcal/kg DM.  On average, our results compared favorably to Pedersen et al. (2007) 
where the DE or ME for 10 sources of DDGS in growing pigs ranged from 3,947 to 4,593 
kcal/g DM with an average of 4,140 kcal/kg DM for DE, and ranged from 3,674 to 4,336 
kcal/kg DM with an average of 3,897 kcal/kg DM for ME.  Moeser et al. (2002) determined 
DE and ME for dehulled, degermed corn in growing pigs to be 3,564 and 3,517 kcal/kg (SE 
= 69.7) respectively, which was lower than our values of 4,401 and 4,316 kcal/kg DM 
(pooled SD = 413), respectively.  Differences in these obtained values may be due to various 
differences in experimental design (Kerr et al., 2009).  Moeser et al. (2002) used 27 kg 
growing barrows as compared to the 112.7 kg finishing gilts used in this study, and included 
the test co-product at 96.4% of the diet compared to our level of 30% of the diet (70% basal).  
The difference in ME determined is surprising given that dehulled, degermed corn is a highly 
digestible product generated from the dry milling process, and it has been suggested that 
products of a highly digestible nature are very little affected by BW or inclusion level (Kerr 
et al., 2009). Muley et al. (2007) evaluated AA digestibility in a variety of other corn 
fractions, but did did not determine DE or ME content. 
All co-products were included in the diet at a level of 30% with exception of dried 
solubles and corn oil which were included in the diet at 20% and 10%, respectively.  Dried 
solubles were initially included in the diet at 30% however, within 2 d of adapting to this 
treatment, most pigs developed scours.  The decision was made to reduce the inclusion of 
dried solubles to 20% of the diet for an additional 9 d of adaptation, whereupon no further 
problems were noted.  Corn oil was included in the diet at 10% due to the high energy 
concentration of the feedstuff.  Pigs were fed once daily at 3% BW for the entire duration of 
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the metabolism trial.  Feed intake in energy balance experiments varies widely as reviewed 
by Kerr et al. (2009), but we felt it important to reflect the ad libidum feeding practice 
commonly used in the U.S.  Treatments were acceptable to the pigs and very minimal feed 
refusal across all treatments was noticed, thereby confirming pigs were consuming at or near 
their feed intake capacity.  Two pigs fed the DDGS-WI treatment refused greater than 20% 
of total feed offered and were subsequently removed from the study.  In all, a total of 7 pigs 
were not included in statistical analysis for reasons including: greater than 20% total feed 
refused, lost fecal collections, or contaminated urine samples.  Most treatments had 8 
observations with exception for DDGS-WI (6 observations), RO-DDGS (6 observations), 
corn germ (7 observations), and corn basal (30 observations) (Table 5). 
In the current study, the basal diet contained 97.1% corn and was not balanced for 
amino acids.  It is well known that AA contribute to the energy in a diet and imbalances in 
AA can lead to reduced feed intake as well as poor growth and performance (Batterham, 
1984, 1992; Lewis, 2001).  Realizing this relationship, the ME values in the current study 
could have been underestimated because N excretion in the urine is increased. Our 
experimental design, however, is similar to that used by Widmer et al. (2002).  Nitrogen 
balance studies have shown that urinary N is excreted as urea and can quickly volatilize as 
ammonia if the N is not stabilized in a container, with acid, or at cold temperatures to avoid 
N loss that can lead to inaccurate and inflated ME values (van Kempen et al., 2003).  In our 
study, 6N HCl was used to stabilize N excretion in stainless steel buckets placed below the 
metabolism crates. 
Lastly, the addition of high fiber co-products used in this study would also have had 
an additional implication on N loss.  Nitrogen in the form of urea in the blood is destined for 
urinary excretion.  However, in the presence of high dietary fiber, the loss of N in the urine 
shifts to losses in feces as microbes in the hindgut utilize urea for fermentation (van Kempen 
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et al., 2003).  As a result, the effect would be a decreased urinary N loss and an increased 
fecal N loss, thereby reducing the DE value relative to the ME value. 
DE and ME prediction equations.  Using stepwise regression and chemical 
analysis, a total of 8 prediction equations for DE, ME, and ME/DE ratio were generated 
(Table 6).  Initially a y-intercept was included in all models, but if the y-intercept was not 
significant (P > 0.15), it was removed and the equations were redefined.  Equations 
generated were significant (P < 0.01) and provided a good estimate (r2 = 0.89 to 0.99) for 
predicting the DE or ME value of the corn co-products evaluated in this study.  Initially, all 
parameters [in vitro organic matter digestibility (OMD), gross energy (GE), crude protein 
(CP), starch (ST), ether extract (EE), crude fiber (CF), neutral detergent fiber (NDF), acid 
detergent fiber (ADF), total dietary fiber (TDF), cellulose, hemicellulose, lignin, and ash] 
were included in the stepwise regression model to predict the best estimate for DE and ME.  
Equations 1 and 4 (Table 6) demonstrate that GE had a major, positive effect on the estimate 
for DE and ME, while TDF and ash had negative effects on the estimate for energy.  
Although equations 1 and 4 provide the best estimates (r2 = 0.96 and 0.95 for DE and ME, 
respectively), additional equations were generated in the likelihood that other laboratories 
would not have the ability to determine values for GE or TDF.  In addition, we did not allow 
for multiple fiber fractions in an equation since fiber analysis evaluates fiber fractions that 
are not independent of each other.  Different analytical procedures for fiber can measure 
similar components of plant carbohydrates.  For example, ADF quantifies lignin and 
cellulose fractions of plant carbohydrates while NDF quantifies lignin, cellulose and 
hemicellulose.  Not allowing multiple analyses for fiber fractions in an equation reduces the 
number of analyses required for the prediction equation and may reduce the cost and time of 
analytical procedures.  Removing GE from our initial equations for DE and ME resulted in 
equations 2 and 5.  Equation 2 for DE demonstrated that CP and EE positively affected the 
DE value while TDF negatively affect the DE value.  Equation 5 for ME was similar to 
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equation 2 with an added negative effect of ash, decreasing the numerical value of ME as 
compared to DE.  Coefficients of determination decreased from Equations 1 and 4, but were 
good (r2 = 0.93 and 0.92 for Equations 2 and 5, respectively).  It is not surprising that CP and 
EE replaced the GE component of Equations 1 and 4.  Gross energy is determined by the 
amount of carbohydrates, protein, and fat in a feedstuff (NRC, 1998).  Because the starch 
component of corn co-products has largely been removed for fuel grade ethanol production, 
protein and fat are the major contributors to the amount of energy in a feedstuff.  Removing 
TDF as a potential parameter resulted in equations 3 and 6 for DE and ME, respectively.  
Neutral detergent fiber replaced TDF in equations 3 and 6, decreasing the coefficient of 
determination to 0.89 and 0.91 from Equations 1 and 4 for DE and ME, respectively.  
Equation 7 for ME included DE as a parameter such that the coefficient of determination 
improved dramatically (r2 = 0.99).  Other factors included in this equation were negative 
effects of CP and EE and positive effects of NDF.  It is understandable that CP would have 
negative effects on ME because excess N is excreted in the urine.  On the other hand, it was 
surprising that NDF would have a positive influence on ME while EE would have a negative 
influence on ME.  Previous equations document the negative effects of fiber on DE and ME 
and it is well known that EE has twice the amount of energy of carbohydrates and protein.  
Yet, equation 7 suggests that EE has a negative effect and NDF has a positive effect on ME 
content.  A possible explanation for this equation is that including DE as a parameter initially 
overestimates ME content such that a negative y-intercept, CP, and EE values are needed to 
correct for the overestimation.  Equation 8 indicates that of the corn co-products studied, ME 
was 96.7% of DE.  Our value closely matches that for most feedstuffs (NRC, 1998).  Crude 
protein had a negative effect and starch had a positive effect on the ME:DE ratio.  Albeit very 
small, the affect of CP was negative, as would have expected.  Evaluating starch in a 
feedstuff is done by enzymatic assay that can be variable and not always practical to obtain.  
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However, the influence of the starch component of equation 8 was positive (0.026) (P < 
0.15). 
In general, the best equations describing energy for corn co-products based on 
chemical analysis are Equations 1 and 4.  If GE or TDF can not be obtained, Equations 2, 3, 
5, and 6 can be used realizing that the coefficient of determination decreases and the standard 
deviation increases associated with these equations.  If DE is included as a parameter in 
determining ME, Equation 7 may be used. 
Acquisition of DE or ME values is expensive, time consuming, and labor intensive.  
As such, prediction equations are a useful tool in estimating energy values of corn co-
products; however; care must be used to ensure the application is being used within its 
designed limits (Kil et al., 2009).  The prediction equation data indicates that for the corn co-
products evaluated in this study, GE, TDF, and ash provide the best prediction estimate for 
DE and ME in finishing pigs.  Although Noblet and Perez (1993) evaluated diets containing a 
variety of feedstuffs and Pedersen et al. (2007) evaluated DDGS, to our knowledge no such 
equations has been generated for this group of corn co-products.  Although we are confident 
in our experimental methods further studies need to be conducted to validate these findings.  
In addition, caution must be used when implementing any prediction equation because they 
are only as good as their intended use as misuse will lead to inaccurate energy estimates.  Our 
equations evaluated the parameters within corn co-product chemical characteristics and 
attempts to use them for other feedstuffs or diets are beyond the limits of these equations at 
this present time. 
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Table 1. Sources of corn co-products 
Abbreviation Feedstuff Vendor 
Gluten feed Corn gluten feed Tate & Lyle, Ft. Dodge, IA 
Bran Corn bran ICM/Lifeline Foods, St. Joseph, MO 
Bran w/sol Corn bran w/solubles Poet Biorefining, Glenville, MN 
DDGS (WI) DDGS Ace Ethanol, Racene, WI 
DDGS(MNdm) DDGS – drum dry Cellencor, Heron Lake, MN 
DDGS(MNmc) DDGS – microwave dry Cellencor, Heron Lake, MN 
DDGS (IA) DDGS Hawkeye Renewables, Iowa Falls, IA 
DDGS (BPX) DDGS- Dakota Gold BPX Poet Biorefining, Groton, SD 
DDGS (SD) DDGS VeraSun Energy Corportation, Aurora, SD 
DDGS (RO) DDGS – oil extracted VeraSun Energy Corporation, Aurora, SD 
Gluten meal Corn gluten meal Archer Daniels Midland, Cedar Rapids, IA 
HP-DDG(ICM) HP-DDG ICM/Lifeline Foods, St. Joseph, MO 
HP-DDG(MOR) HP-DDG MOR Technology, Cape Girardeau, MO 
HP-DDG HP-DDG Poet Biorefining, Coon Rapids, IA 
Germ dehydrated Corn germ, dehydrated Poet, Coon Rapids, IA 
Germ meal Corn germ meal Cargill, Eddyville, IA 
Dried Solubles Corn dried distillers solubles Pulse Combustion Systems, Payson, AZ 
DHDG corn Dehulled, degermed corn Bunge North America, Atchison, KS 
Starch Corn starch Archer Daniels Midland, Clinton, IA 





Table 2. Ingredients of corn basal diet for finishing pigs (as fed basis) 
Ingredient Concentration (%) 
Corn 97.05 
Dicalcium phosphate 1.22 
Limestone 0.73 
Sodium chloride 0.40 
Vitamin mix1 0.35 
Trace mineral mix2 0.20 
ISU Se premix3 0.05 
1Provided the following per kilogram of diet: vitamin A, 7,716 IU; vitamin D3, 1,929 IU; vitamin E, 39 IU; 
vitamin B12, 0.04 mg; riboflavin, 12 mg; niacin, 58 mg; pantothenic acid, 31 mg. 
2Provided the following per kilogram of diet: copper, 35 mg; iron, 350 mg; iodine, 4 mg; manganese 120 
mg; zinc, 300 mg. 

























Bulk density, g/cm3 0.581 0.470 0.487 0.494 0.467 0.530 0.396 0.330 0.499 
Particle size, microns 1054 784 579 480 330 568 866 WNP 571 
Moisture 6.82 9.75 13.41 12.64 10.87 11.43 12.95 22.3 4.14 
OM digestibility 74.22 62.25 64.7 57.14 65.43 63.85 62.97 93.48 60.99 
Gross energy, kcal/kg  5314 5375 5434 5076 5347 5550 5502 5476 4539 
Crude protein 29.62 29.65 31.94 34.74 29.49 32.69 34.12 23.75 24.29 
Alanine 2.07 2.09 2.38 2.48 2.09 2.38 2.47 1.47 1.52 
Arginine 1.33 1.46 1.49 1.44 1.37 1.47 1.55 1.20 1.13 
Aspartic acid 1.87 1.96 2.11 2.19 1.93 2.24 2.22 1.48 1.45 
Cysteine 0.53 0.57 0.60 0.61 0.59 0.64 0.61 0.39 0.52 
Glutamic acid 4.41 4.50 5.20 5.43 4.70 5.11 5.33 2.79 3.70 
Glycine 1.18 1.24 1.34 1.39 1.22 1.38 1.38 1.26 1.03 
Histidine 0.77 0.83 0.90 0.89 0.82 0.90 0.94 0.60 0.72 
Isoleucine 1.06 1.14 1.19 1.25 1.11 1.23 1.29 0.68 0.70 
Leucine 3.47 3.45 3.90 4.12 3.37 3.88 4.08 1.58 2.03 
Lysine 1.03 1.21 1.19 1.00 1.10 1.20 1.29 1.09 0.67 
Methionine 0.56 0.58 0.65 0.64 0.54 0.64 0.65 0.32 0.30 
Phenylalanine 1.29 1.61 1.48 1.51 1.31 1.48 1.55 0.53 0.77 
Proline 2.08 2.23 2.52 2.54 2.29 2.44 2.57 1.29 1.87 
Serine 1.37 1.32 1.52 1.58 1.30 1.47 1.53 0.90 0.88 
Threonine 1.11 1.10 1.22 1.26 1.09 1.25 1.26 0.81 0.78 
Tryptophan 0.21 0.19 0.20 0.18 0.21 0.23 0.23 0.21 0.13 
Tyrosine 1.04 1.17 1.19 1.22 1.05 1.16 1.22 0.62 0.65 
Valine 1.49 1.57 1.69 1.76 1.53 1.73 1.80 1.08 1.11 
Starch 7.85 3.47 6.24 3.04 4.94 2.12 1.05 6.34 12.57 
Crude fiber 7.05 7.76 7.56 8.69 7.95 7.93 8.35 0.08 8.56 
Total dietary fiber 30.34 38.14 35.69 37.20 35.90 35.38 43.18 16.07 40.07 
NDF 34.61 40.13 40.12 50.96 33.41 44.87 49.12 2.33 42.66 
ADF 11.25 10.55 14.42 15.82 8.62 13.16 14.66 0.49 9.90 
Cellulose 10.64 10.12 11.72 12.72 8.21 11.95 13.37 0.79 9.17 
Lignin 1.21 1.06 3.16 3.49 1.00 1.72 1.92 0.31 1.05 
Crude fat 11.45 10.89 10.16 3.15 11.71 12.10 11.98 11.81 2.70 
Ash 4.16 4.43 4.46 5.16 5.41 4.55 4.04 14.08 6.81 
Calcium , mg/kg 204 248 475 652 663 240 230 1699 683 
Copper , mg/kg 6 6 5 8 6 5 5 9 8 
Iron , mg/kg 81 72 125 288 90 104 132 129 125 
Magnesium , mg/kg 3485 3023 3456 3986 3710 3736 3125 11389 5192 
Manganese , mg/kg 21 13 16 23 15 20 18 40 34 
Phosphorus, mg/kg 7913 8582 7527 8373 9613 8377 7394 24356 11979 
Potassium , mg/kg 11465 10974 10069 11232 13140 11758 10172 38597 19862 
Selenium, mg/kg BDL BDL BDL BDL BDL BDL BDL BDL BDL 
Sodium, mg/kg 172 1287 2414 3776 2659 1361 1324 4259 364 
Sulfur, mg/kg 8475 7940 7616 9772 11087 7288 6982 18069 4907 
Zinc, mg/kg 63 55 59 67 89 82 75 95 120 
1
 Identity of individual feedstuffs described in Table 1. BDL = below detection limit and WNP = would not pass. All values based on DM 
basis except particle size and bulk densities which are based on as-is basis. Values on a percentage basis unless listed otherwise. 
70 
 







meal Bran  Bran w/sol Gluten meal 
HP-
DDG 




Bulk density, g/cm3 0.687  0.435 0.465  0.158  0.346 0.677  0.635  0.576 0.604 
Particle size, µm 477 1175 483 2166  1841 577 471 587 783 
Moisture 12.78 9.44 10.87 12.62 9.18 8.51 8.3 5.95 12.31 
OM digestibility 93.15 75.54 56.98 32.32 73.32 79.95 61.46 71.54 54.36 
Gross energy, kcal/kg 4397 5224 4767 4847 4982 5467 5811 5321 5464 
Crude protein 8.28 17.54 23.64 10.94 15.17 66.30 57.45 43.83 39.98 
Alanine 0.66 1.05 1.41 0.78 1.04 5.54 4.65 3.49 2.92 
Arginine 0.28 1.31 1.67 0.65 0.77 2.38 2.26 1.63 1.68 
Aspartic acid 0.48 1.35 1.68 0.81 1.02 4.23 3.75 2.82 2.44 
Cysteine 0.17 0.34 0.37 0.22 0.30 1.08 1.13 0.81 0.74 
Glutamic acid 1.74 2.47 3.22 1.67 1.95 13.51 10.88 7.88 6.84 
Glycine 0.25 0.91 1.31 0.55 0.77 1.93 1.93 1.51 1.46 
Histidine 0.22 0.51 0.72 0.31 0.44 1.41 1.36 1.17 1.07 
Isoleucine 0.31 0.53 0.84 0.38 0.50 2.83 2.33 1.86 1.53 
Leucine 1.25 1.27 1.91 1.10 1.30 10.67 8.57 6.37 5.12 
Lysine 0.17 0.97 1.17 0.58 0.62 1.39 1.58 1.33 1.20 
Methionine 0.16 0.28 0.42 0.18 0.23 1.41 1.44 0.94 0.81 
Phenylalanine 0.45 0.66 1.02 0.50 0.55 4.14 3.13 2.37 1.96 
Proline 0.77 1.07 1.20 0.82 1.08 5.59 4.77 3.79 3.06 
Serine 0.39 0.68 1.00 0.53 0.65 2.91 2.86 2.02 1.68 
Threonine 0.26 0.57 0.88 0.50 0.61 2.12 2.14 1.61 1.33 
Tryptophan 0.06 0.17 0.20 0.06 0.09 0.24 0.29 0.14 0.19 
Tyrosine 0.25 0.53 0.71 0.37 0.41 3.16 2.61 1.77 1.46 
Valine 0.38 0.86 1.37 0.56 0.76 3.18 2.88 2.32 2.02 
Starch 87.96 25.00 15.29 23.25 25.73 11.08 0.51 7.30 5.10 
Crude fiber 0.60 4.87 10.69 11.54 4.80 1.44 8.14 9.42 7.87 
Total dietary fiber 2.61 24.78 47.76 53.60 26.65 9.24 28.80 31.28 36.75 
NDF 4.27 27.37 61.05 56.86 25.21 12.25 43.52 32.00 51.09 
ADF 0.49 6.13 12.49 13.14 5.35 7.57 25.42 12.61 15.11 
Cellulose 0.77 5.21 11.71 12.78 5.38 5.95 22.55 12.05 14.25 
Lignin 0.33 1.28 1.22 0.89 0.55 2.24 3.40 0.95 1.44 
Crude fat 0.17 18.45 2.38 5.14 9.68 1.34 4.12 2.86 6.97 
Ash 0.49 6.46 2.70 2.33 5.31 3.99 1.10 2.05 2.09 
Calcium , mg/kg 13 159 359 164 314 6408 173 114 78 
Copper, mg/kg 1 7 36 5 5 18 6 4 4 
Iron, mg/kg 15 90 122 54 98 242 102 53 61 
Magnesium, mg/kg 268 5626 1905 1675 3277 1039 456 1110 936 
Manganese, mg/kg 1 22 11 15 17 25 17 6 5 
Phosphorus, mg/kg 879 15187 6496 4379 7578 6318 2486 4185 5029 
Potassium, mg/kg 1449 16593 4093 6464 13682 4596 1700 4389 3028 
Selenium, mg/kg BDL BDL BDL BDL BDL BDL BDL BDL BDL 
Sodium, mg/kg 115 83 839 63 4270 1029 231 1260 563 
Sulfur, mg/kg 1048 2141 3274 1460 9506 9051 7178 9034 7002 
Zinc, mg/kg 5 85 77 39 195 42 71 28 37 
1
 Identity of individual feedstuffs described in Table 1. BDL = below detection limit and WNP = would not pass. All values based on DM basis 





Table 4. Methods of analysis used to determine feed composition on twenty corn co-
products 
Analyte Method of Analysis1 
Gross Energy (GE)2 Isoperibol bomb calorimeter (Model No. 1281, Parr 
Instrument Co., Moline, IL) 
Dry Matter (moisture) AOAC Official Method 934.01 
Starch (ST) AACC, Approved Methods, no 76-13.  Modified: Sigma 
(St. Louis, MO) Starch Assay Kit, Product code STA-20. 
Crude Protein (CP) AOAC Official Method 990.03 
Amino acids AOAC Offical Method 982.30 E (a,b,c) 
Crude Fat (EE) AOAC Official Method 920.39 (A) petroleum ether 
Crude Fiber AOAC Official Method 978.10 
Total Dietary Fiber (TDF) AOAC Official Method 985.20 (A-C) 
Neutral Detergent Fiber (NDF) JAOAC 56:1352-1356, 1973 
Acid Detergent Fiber (ADF) AOAC Official Method 973.18 (A-D) 
Cellulose AOAC Official Method 973.18 (A-D) 
Lignin AOAC Official Method 973.18 (A-D) 
Minerals Inductively Coupled Plasma Atomic Emission 
Spectroscopy 
Ash AOAC Official Method 942.05 
1Unless otherwise noted, all methods of analysis were determined by the University of Missouri 
Experimental Station Chemical Laboratories, Columbia, MO. 




Table 5. Determined energy of corn co-products in finishing pigs 
Ingredient n GE DE1 ME2 
DDGS (IA) 8 5375 3841 3659 
DDGS (SD) 8 5434 4164 3937 
DDGS (BPX) 8 5347 3705 3414 
DDGS (MNdm) 8 5550 4116 3876 
DDGS (MNmc) 8 5502 4016 3713 
DDGS (WI) 6 5314 4332 4141 
DDGS (RO) 6 5076 3868 3650 
HP-DDG (MOR) 8 5811 4955 4606 
HP-DDG (ICM) 8 5464 3994 3676 
HP-DDG  8 5321 4210 3823 
Bran 8 4847 3004 2957 
Bran w/solubles 8 4982 3282 3031 
Germ meal 7 4767 3521 3417 
Germ Dehydrated 8 5224 3889 3692 
Gluten feed 8 4539 2517 2334 
Gluten meal 8 5467 5047 4598 
DHDG corn 8 4397 4401 4316 
Dried solubles 8 5476 4762 4525 
Starch 8 3952 4082 4080 
Corn oil 8 9323 8988 8755 
Standard deviation - - 363 413 
1Gross energy (GE), digestible energy (DE), and metabolizable energy (ME) are 
expressed as kcal/kg DM.  Pigs were collected for 4 d following a 9 d adaptation 
period. The basal diet contained 97.1% corn with the remaining 2.9% consisting of 
minerals and vitamins. All data reported on a DM basis. 
2Digestible energy adjusted using a basal DE of 3,772 kcal/kg DM (actual as-is 
average = 3,287, SD 65.9), and ME adjusted using a basal ME of 3,695 kcal/kg DM 
(actual as-is average = 3,221, SE 69.4) obtained from 8 groups of control pigs (4 pigs 





Table 6. Prediction equations for energy of corn co-products 
No. Equation R2 SE 
1 DE = (0.985 × GE) – (31.856 × TDF) – (34.010 × Ash) 0.96 275 
2 DE = 3952.720 + (23.961 × CP) – (33.620 × TDF) + (49.176 × EE) 0.93 378 
3 DE = 3677.358 + (26.189 × CP) – (23.710 × NDF) + (51.077 × EE) 0.89 460 
4 ME = (0.949 × GE) – (32.238 × TDF) – (40.175 × Ash) 0.95 306 
5 ME = 4063.529 + (17.731 × CP) – (31.785 × TDF) + (46.348 × EE) – (45.764 × Ash) 0.92 391 
6 ME = 3996.038 + (20.722 × CP) – (24.463 × NDF) + (46.900 × EE) – (79.900 × Ash) 0.91 424 
7 ME = -273.253 + (1.061 × DE) – (8.276 × CP) + (2.428 × NDF) – (5.123 × EE) 0.99 41 





Use of an in vitro organic matter digestibility assay to predict energy content of corn  
co-products in finishing pigs4 
A paper to be submitted to the Journal of Animal Science 
P.V. Anderson*5, B.J. Kerr†5,6 and G.C. Shurson‡ 
*Department of Animal Science, Iowa State University, Ames 50011; †USDA-ARS NSRIC, 
Ames, IA 50011; ‡Department of Animal Science, University of Minnesota, St. Paul 55108 
ABSTRACT 
A three step enzymatic assay was used to determine if in vitro OM digestibility would 
predict previously determined in vivo DE or ME values of twenty corn co-products fed to 
finishing gilts (112.7 final BW ± 7.9 kg).  Corn co-products included: DDGS (7), HP-DDG 
(3), bran (2), germ (2), gluten meal and feed, dehulled, degermed corn, dried solubles, starch, 
and corn oil.  The in vitro OM digestibility for each co-product was determined in triplicate 
using a blank and control (corn).  The in vitro assay used commercial enzymes pepsin, 
pancreatin, and Viscozyme to mimic digestion and hind-gut fermentation in the pig.  Samples 
were incubated over 24 h, then filtered, dried, and ashed to determine OM digestibility of the 
co-product.  Simple linear regression and correlation was used to determine the ability of in 
vitro OM digestibility to predict previously determined energy values.  The in vitro OM 
digestibility ranged from 33.3 (actual) to 100% (assumed) for corn bran and corn oil, 
respectively, while the previously determined DE ranged from 2,517 to 8,988 kcal/kg DM for 
corn gluten feed and corn oil respectively, and ME ranged from 2,334 to 8,755 kcal/kg DM 
for corn gluten feed and corn oil, respectively.  Although the in vitro OM digestibility assay 
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positively correlated to in vivo DE and ME (0.62 and 0.63; P < 0.01), linear regression 
equations indicated a poor relationship for OM digestibility to predict in vivo DE or ME 
(r2=0.38 and 0.39).  Due to the liquid state of corn oil and difficulties assessing OM 
digestibility due to the filtration step of the assay, corn oil was removed as an extreme data 
point.  Removing corn oil decreased the correlation of in vitro OM digestibility to DE or ME 
(r = 0.54 and 0.57) and further lowered the relationship for OM digestibility to predict in vivo 
DE or ME (r2=0.29 and 0.33).  The ability of this OM digestibility assay to predict previously 
determined DE or ME values for corn co-products was low and may be due to procedural or 
pig differences. 
Key words:  corn co-products, digestibility, energy, in vitro, pigs 
INTRODUCTION 
Energy determination of a feedstuff or diet can be accomplished by direct 
determination from animal metabolism trials, calculated from chemical analysis using 
prediction equations, or by the use of in vitro assays.  Traditional metabolism trials are 
considered to be the “gold standard” in determining energy utilization because they use 
animals which accurately represent the complex biological processes that occur in digestion 
and absorption of energy from diets.  However, due to the labor intensive nature, cost, and 
lengthy turnaround time of traditional metabolism trials, other methods have been explored 
as a means of generating estimated energy values from diets and feed ingredients.  Much 
research has been conducted to generate and promote the use of prediction equations based 
from chemical analysis of feeds and feed ingredients (Noblet and Perez, 1993, NRC, 1998; 
Pedersen et al., 2007).  Prediction equations from chemical analysis are a simple, 
straightforward approach to solving the complexities of estimating the energy value of feed 
ingredients.  However; they are limited in their use and have only been generated for either 
complete diets or specific ingredients (Noblet and Perez, 1993; Pedersen et al., 2007).  Use of 
in vitro assays have also been evaluated and are modeled after the biological processes that 
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occur during digestion in the pig as an alternative method of predicting energy in lieu of 
conducting metabolism studies.  In vitro assays have the potential to generate similar 
digestible energy values determined in vivo without using live animals, are faster and less 
expensive, and can have predicted values similar to those obtained from metabolism trials 
(Boisen and Fernandez, 1997; Noblet and Jaguelin-Peyraud, 2007, Regmi et al., 2008).  
Therefore, the objective of this study was to determine if the use of a formerly defined in 
vitro organic matter digestibility (OMD) assay would accurately predict DE and ME energy 
values of 20 corn co-products previously determined in finishing pigs (Anderson et al., 
unpublished). 
MATERIALS AND METHODS 
In vitro Method 
A slightly modified 3-step enzymatic assay described by Boisen and Fernandez 
(1997) was used for this study.  Twenty corn co-products and basal diet subsamples were 
collected from a previous study which determined the DE and ME of these co-products in 
finishing pigs.  Twenty corn-co products from various wet- and dry-mills, and dry-grind 
ethanol plants were obtained from throughout the United States (Table 7).  Co-products 
ranged widely in nutrient composition and included: DDGS (7 samples), high protein-dried 
distillers grains (HP-DDG) (3 samples), bran (2 samples), corn germ meal (2 samples), 
gluten meal and feed, dehulled, degermed corn, corn starch, corn dried solubles, and corn oil.  
All subsamples were stored frozen over a 6 month period prior to this analysis.  Feed samples 
were analyzed in triplicate in a series of 24.  A blank (used to determine residual organic 
matter from enzymes) and a control (corn) sample were also done in triplicate in each series.  
Prior to the in vitro assay, all feed samples were ground to 1 mm and weighed out to 0.5 g (± 
0.1 g) per flask. 
Preliminary Incubation.  Samples (0.5 g) were placed into a 125 mL Erlenmeyer 
flask with a magnetic stir bar and 25 mL of phosphate buffer (0.1 M, pH = 6.0).  Flasks were 
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gently stirred at room temperature for 1 to 2 min after which 10 mL of 0.2 M hydrochloric 
acid (HCl) was added to the solution of each flask with the final pH adjusted to 2.0 (±0.05) 
using 1 M HCl.  One milliliter of pepsin solution (porcine, reference Sigma P-7012) 
containing 25 mg of pepsin per mL of nanopure water was then added to the flask 
[modification:  Boisen and Fernandez (1997) used porcine, 2000 FIP-U/g Merck No. 7190 
which could not be obtained in the U.S.].  To minimize fermentation in further incubation 
steps, 0.5 mL chloramphenicol solution (Sigma C0378, 0.5 g in 100 mL ethanol) was also 
added.  Flasks were subsequently capped with a glass stopper and placed into an incubated 
orbital shaker (Model 4520, Forma Scientific, Milford, MA 01757) at 150 rpm and 39˚C for 
2 hours (± 1 min) [modification:  Boisen and Fernandez (1997) used multipoint stirrers 
(Variomag multipoint HP 15) in a thermostatically-controlled heating chamber]. 
Secondary Incubation.  After the preliminary incubation period, the flasks were 
removed from the shaker and 10 mL of phosphate buffer (0.2 M, pH 6.8) was added.  To 
increase the pH of the solution, 3.6 mL of 0.6 M NaOH was added with the final pH adjusted 
to 6.8 (±0.05) using 1 M hydrochloric acid or 1 M NaOH.  One milliliter of pancreatin 
solution (a multi-enzyme solution containing many enzymes including amylase, trypsin, 
lipase, ribonuclease, and protease; porcine, reference Sigma P-1750) containing 100 mg 
pancreatin per mL nanopure water was then added to the flasks.  The flasks were 
subsequently capped and placed back in a 39˚C incubated shaker (150 rpm) for 4 hours (± 1 
min). 
Final Incubation.  After the secondary incubation period, the flasks were removed 
from the shaker and 10 mL of 0.2 M ethylenediaminetetraacetic acid (EDTA) added to the 
flasks.  The pH of the solution was lowered to 4.8 (± 0.05) using a 30% acetic acid solution 
and 0.5 mL of a cell wall degrading enzyme complex containing a wide range of 
carbohydrases, including arabanase, cellulase, β-glucanase, hemicellulase, and xylanase 
(Viscozyme, reference Sigma V-2010) was added.  The flasks were re-capped and placed 
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back in the incubated shaker at 39˚C for 18 hours.  At the end of this final incubation, the 
flasks were removed from the shaker and the enzymatic reaction was blocked by adding 1 
mL of phenylmethylsulfonyl fluoride (reference Sigma P-7626) solution containing 10 
mg/mL of methanol.  The flasks were gently stirred at room temperature for 2 minutes. 
Filtration.  Prior to filtration, 0.400 g (± 0.050) of diatomaceous earth was added to 
each Gooch crucible [modification:  Boisen and Fernandez (1997) used a filtration unit 
Fibertec System M, Tecator, Sweden) as a filtration aid] and heated in a muffle oven at 
550˚C for 4 h to ensure filtration crucibles were void of organic matter.  The crucible was 
cooled in a desiccator and weighed.  The remaining residue from the incubation flasks was 
collected in a corresponding Gooch crucible through filtration after 3 rinses with nanopure 
water.  The residue then rinsed twice with 10 mL ethanol, once with 10 mL acetone, and 
once with nanopure water.  After filtration and rinsing was complete, all Gooch crucibles 
were heated in a forced air oven at 103˚C for 4 h, cooled in a desiccator until reaching room 
temperature, and weighed.  Crucibles were then heated in a muffle oven at 550˚C for 4 h.  
Crucibles were cooled in a desiccator and were weighed. 
Calculations.  In vitro organic matter digestibility (OMD) was determined by 
calculating the difference between the organic matter (OM) of the sample and the undigested 
residue (ash) of the sample after converting it to a DM basis, and then correcting for the OM 
in the blank.  Percent of in vitro OMD was determined by dividing the digested OM weight 
by the weight of the OM of the sample. 
Statistical Analysis 
Using the average sample in vitro OMD as the dependent variable and DE or ME as 
the independent variable, the relationship between in vitro OMD and in vivo DE or ME data 
were analyzed with PROC REG and PROC CORR procedures of SAS (SAS Inst. Inc., Cary, 
NC).  The REG procedure was used to develop regression equations to predict DE or ME 
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based on in vitro OMD, using the R2 value as an indicator of quality of the prediction 
equation. 
RESULTS AND DISCUSSION 
Feed expenses contribute to at least 70% of pig production costs of which energy is 
the most expensive component (Noblet, 2001).  For this reason, considerable research has 
been conducted to evaluate the energy value of various feedstuffs and diets for pigs.  The 
value of energy in feeds depends upon the level and digestibility of carbohydrates, protein, 
and fat.  Determining the energy of a feedstuff or diet is typically accomplished by using DE 
or ME systems, which account for the GE consumed by the pig in a feed after subtracting out 
energy that is not utilized in the feces (DE) and urine (ME).  Net energy is the only system 
that accounts for the metabolic utilization of energy because it includes the heat increment or 
energy lost as heat during digestion by the animal (Noblet, 2001).  Due to the feed cost and 
corresponding economic pressure, the NE system is the preferred method for determining the 
energy value of a feedstuff or diet and is widely used in Europe.  In contrast, DE or ME 
systems are preferred in the United States. 
Corn grain is the most common cereal grain used as a source of energy in swine diets 
in the United States.  However, corn is also a low cost, available feedstock for the production 
of ethanol, resulting in increased amounts of dried distillers grains with solubles (DDGS) 
being available as an alternative feedstuff for swine.  In addition, implementation of corn 
fractionation processes in fuel ethanol production has led to the development of new co-
products that may have potential value as feedstuffs in swine diets.  As the demand for fuel 
and consumer products from corn increase, ethanol producers are improving the quality and 
diversity of co-products generated from dry-grind milling, and to a lesser extent, from wet- 
and dry milling (Rausch and Belyea, 2005; Muley et al., 2007).  Information on the relative 




The 3-step in vitro OMD assay selected for this study was established by Boisen and 
Fernandez (1997) and later repeated by Noblet and Jaguelin-Peyraud (2007).  It is an 
approved method in Denmark and is used routinely for feed energy evaluation (Noblet and 
Jaguelin-Peyraud, 2007).  The corn co-products used in this study varied substantially in their 
composition (Table 8), ranging with co-products from low energy and digestibility to high 
energy and digestibility.  The concentration of CP among co-products ranged from 8.3% to 
66.3% for dehulled, degermed corn and corn gluten meal, respectively.  Starch content 
ranged from 0.5% to 100% for HP-DDG (MOR) and starch, respectively.  Crude fiber ranged 
from 0.08% to 11.5% for dried solubles and bran (without solubles), respectively.  Total 
dietary fiber (TDF) ranged from 2.6% to 53.6% for dehulled, degermed corn and bran 
(without solubles), respectively.  Neutral detergent fiber (NDF) ranged from 2.3% to 61.1% 
for dried solubles and corn germ meal, respectively.  Acid detergent fiber (ADF) ranged from 
0.5% (dehulled, degermed corn and dried solubles) to 25.4% (HP-DDG MOR).  Cellulose 
ranged from 0.8% to 22.6% for dehulled, degermed corn and HP-DDG (MOR), respectively.  
Lignin ranged from 0.3% to 3.5% for dried solubles and RO-DDGS, respectively.  Crude fat 
(ether extract) ranged from 0.2% to 18.5% for dehulled, degermed corn and corn germ 
dehydrated, respectively.  Ash ranged from 0.5% to 14.08% for dehulled degermed corn and 
dried solubles, respectively. 
As expected, based on variation in nutrient composition the in vitro OMD varied 
substantially among corn co-products, ranging from 32.3 (actual) to 100% (assumed) for corn 
bran and oil, respectively (Table 9).  At first glance there appeared to be a relationship 
between in vivo DE or ME and in vitro OMD.  However, the correlation coefficients 
describing these relationships were relatively low (r = 0.62 and 0.63 respectively; Figures 7 
and 8).  Bran had the lowest in vitro OMD (32.3%) which was expected due to the high fiber 
content (TDF = 53.6 %).  On the other hand, corn oil was assumed to have an in vitro OMD 
of 100% in our analysis.  In the conduct of this trial, we learned that this 3-step assay cannot 
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accurately predict the digestibility of a liquid, such as corn oil.  Although it is suspected that 
enzymatic activity would hydrolyze the corn oil to a degree, it was difficult to assess the 
capacity to which this occurred because the density differences between the oil and 
enzymatic slurry portion of the assay led to oil floating on the surface of the enzymatic slurry 
whereas the rest of the feedstuffs (mash form) remained in suspension.  Furthermore, when 
filtering the digested contents after the 24 h incubation period, corn oil was essentially 
filtered through the crucible with the remaining enzymatic slurry.  After several washings 
with ethanol and acetone, little if any oil residue remained in the crucible.  In contrast to an 
expected increase in weight of the crucible after drying and ashing, there was no detectable 
residual material for the corn oil samples.  When removing corn oil from the data, the linear 
regression equation relating DE to in vitro OMD was:  DE (kcal/kg DM) = (22.613 × % 
OMD) + 2,444.6; R2 = 0.29 (Figure 9). The relationship of ME to in vitro OMD was:  ME 
(kcal/kg DM) = (22.515 × % OMD) + 222.7; R2 = 0.33 (Figure 10). 
We initially included corn oil in our regression analysis (Figures 7 and 8) because it 
was a co-product of the same botanical origin but with the noted problems mentioned above, 
we removed corn oil from the model whereupon the correlation coefficient decreased to 0.54 
for DE and 0.57 for ME (Figures 9 and 10).  We suspect that by including an extreme data 
point that was not only high in energy, but also perceived to be high in in vitro OMD, skewed 
the remaining data points making them less significant in the final equation.  Numerically, 
the correlation coefficient describing ME and in vitro OMD is slightly greater than DE and in 
vitro OMD (0.57 vs. 0.54, respectively) when corn oil was removed.  Albeit low, removing 
corn oil from the data set may more accurately describe the relationship in vitro OMD has on 
predicting in vivo ME for the remaining corn co-products. 
Other studies using the described procedures from Boisen and Fernandez (1997) 
showed good correlation between in vitro OMD and apparent total tract digestibility of 
various diets and common feedstuffs to predict DE (van der Meer and Perez, 1992; r = 0.90 
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Noblet and Jaguelin-Peyraud, 2007; r = 0.90 Regmi et al., 2008).  Prediction equations 
derived from in vitro OMD and chemical analysis were generated and included ash content, 
cell wall criterion (ADF or crude fiber), and sometimes fat content (Noblet and Jaguelin-
Peyraud, 2007). 
In reviewing our procedures relative to the procedures described by Boisen and 
Fernandez (1997), some minor differences may explain our relatively low OMD values and 
lower correlation values.  The pepsin product described in the Boisen and Fernandez (1997) 
procedure was characterized as ‘porcine, 2000 FIP-U/g, Merck No 7190’ and is a product 
that is readily accessible in Europe, but is not available in the United States or Canada.  
Therefore, we obtained a pepsin product that closely resembled the activity level indicated in 
their publication (porcine, 2,500 to 3,500 units/mg protein, reference Sigma 7012).  
Furthermore, Regmi et al. (2008) utilized a pepsin product with a decreased activity in 
comparison to our study (porcine, 800 to 2,500 units/mg protein, reference Sigma 7000) to 
evaluate the in vitro energy digestibility of barley.  The activity level of the pepsin products 
were not expressed in the same units and conversions were needed in order for a comparison 
to be made.  The conversion equivalents were not easy to interconvert, and in retrospect, we 
suspect that our pepsin activity may have been lower than that described by Boisen and 
Fernandez (1997).  Because the addition of pepsin to the assay was the first enzymatic step, a 
discrepancy in enzyme activity at this stage of the assay may have dramatic effects on the 
hydrolysis of other carbohydrate bonds by enzymes in subsequent steps, ultimately affecting 
the final digestibility coefficient (Boisen and Eggum, 1991).  In addition, our study used an 
incubated orbital shaker instead of a multipoint stirrer or shaking water bath as described by 
Boisen and Fernandez (1997) and Noblet and Jaguelin-Peyraud (2007).  Incubated orbital 
shakers are commonly used in microbiology labs such that we are confident that there would 
be no difference in the two shakers as long as the desired temperature remained constant 
throughout incubation.  Lastly, our study evaluated the in vitro OMD relative to DE or ME 
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values determined in 112.7 kg finishing pigs, while the procedure by Boisen and Fernandez 
(1997) evaluated the ability of an in vitro method to predict the total tract digestibility of 
energy in feedstuffs and diets in pigs weighing 40 to 60 kg.  It is possible that procedural 
modifications may need to be considered to accurately reflect the increased digestibility 
(especially fiber fermentation) in pigs of greater BW (Noblet and Jaguelin-Peyraud, 2007). 
In conclusion, results from this study showed that there was a low correlation 
between in vitro OMD and in vivo DE and ME.  Previous authors have indicated a strong 
relationship between in vitro OMD and apparent total tract digestibility in growing pigs 
(Boisen and Fernandez, 1997; Noblet and Jaguelin-Peyraud, 2007; Regmi et al., 2008).  The 
inability of our lab to reproduce such results is puzzling and potentially may be due to 
procedural differences and gastrointestinal development of the pig.  Furthermore, the ability 
for this in vitro OMD assay to accurately and directly predict a DE or ME value may be 
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Table 7. Sources of corn co-products 
Abbreviation Feedstuff Vendor 
Gluten feed Corn gluten feed Tate & Lyle, Ft. Dodge, IA 
Bran Corn bran ICM/Lifeline Foods, St. Joseph, MO 
Bran w/sol Corn bran w/solubles Poet Biorefining, Glenville, MN 
DDGS (WI) DDGS Ace Ethanol, Racene, WI 
DDGS(MNdm) DDGS – drum dry Cellencor, Heron Lake, MN 
DDGS(MNmc) DDGS – microwave dry Cellencor, Heron Lake, MN 
DDGS (IA) DDGS Hawkeye Renewables, Iowa Falls, IA 
DDGS (BPX) DDGS- Dakota Gold BPX Poet Biorefining, Groton, SD 
DDGS (SD) DDGS VeraSun Energy Corportation, Aurora, SD 
DDGS (RO) DDGS – oil extracted VeraSun Energy Corporation, Aurora, SD 
Gluten meal Corn gluten meal Archer Daniels Midland, Cedar Rapids, IA 
HP-DDG(ICM) HP-DDG ICM/Lifeline Foods, St. Joseph, MO 
HP-DDG(MOR) HP-DDG MOR Technology, Cape Girardeau, MO 
HP-DDG HP-DDG Poet Biorefining, Coon Rapids, IA 
Germ dehydrated Corn germ, dehydrated Poet, Coon Rapids, IA 
Germ meal Corn germ meal Cargill, Eddyville, IA 
Dried Solubles Corn dried distillers solubles Pulse Combustion Systems, Payson, AZ 
DHDG corn Dehulled, degermed corn Bunge North America, Atchison, KS 
Starch Corn starch Archer Daniels Midland, Clinton, IA 
























Bulk density, g/cm3  0.581 0.470 0.487 0.494 0.467 0.530 0.396 0.330 0.499 
Particle size, microns 1054 784 579 480 330 568 866 WNP 571 
Moisture 6.82 9.75 13.41 12.64 10.87 11.43 12.95 22.3 4.14 
OM digestibility 74.22 62.25 64.7 57.14 65.43 63.85 62.97 93.48 60.99 
Gross energy, kcal/kg 5314 5375 5434 5076 5347 5550 5502 5476 4539 
Crude protein 29.62 29.65 31.94 34.74 29.49 32.69 34.12 23.75 24.29 
Alanine 2.07 2.09 2.38 2.48 2.09 2.38 2.47 1.47 1.52 
Arginine 1.33 1.46 1.49 1.44 1.37 1.47 1.55 1.20 1.13 
Aspartic acid 1.87 1.96 2.11 2.19 1.93 2.24 2.22 1.48 1.45 
Cysteine 0.53 0.57 0.60 0.61 0.59 0.64 0.61 0.39 0.52 
Glutamic acid 4.41 4.50 5.20 5.43 4.70 5.11 5.33 2.79 3.70 
Glycine 1.18 1.24 1.34 1.39 1.22 1.38 1.38 1.26 1.03 
Histidine 0.77 0.83 0.90 0.89 0.82 0.90 0.94 0.60 0.72 
Isoleucine 1.06 1.14 1.19 1.25 1.11 1.23 1.29 0.68 0.70 
Leucine 3.47 3.45 3.90 4.12 3.37 3.88 4.08 1.58 2.03 
Lysine 1.03 1.21 1.19 1.00 1.10 1.20 1.29 1.09 0.67 
Methionine 0.56 0.58 0.65 0.64 0.54 0.64 0.65 0.32 0.30 
Phenylalanine 1.29 1.61 1.48 1.51 1.31 1.48 1.55 0.53 0.77 
Proline 2.08 2.23 2.52 2.54 2.29 2.44 2.57 1.29 1.87 
Serine 1.37 1.32 1.52 1.58 1.30 1.47 1.53 0.90 0.88 
Threonine 1.11 1.10 1.22 1.26 1.09 1.25 1.26 0.81 0.78 
Tryptophan 0.21 0.19 0.20 0.18 0.21 0.23 0.23 0.21 0.13 
Tyrosine 1.04 1.17 1.19 1.22 1.05 1.16 1.22 0.62 0.65 
Valine 1.49 1.57 1.69 1.76 1.53 1.73 1.80 1.08 1.11 
Starch 7.85 3.47 6.24 3.04 4.94 2.12 1.05 6.34 12.57 
Crude fiber 7.05 7.76 7.56 8.69 7.95 7.93 8.35 0.08 8.56 
Total dietary fiber 30.34 38.14 35.69 37.20 35.90 35.38 43.18 16.07 40.07 
NDF 34.61 40.13 40.12 50.96 33.41 44.87 49.12 2.33 42.66 
ADF 11.25 10.55 14.42 15.82 8.62 13.16 14.66 0.49 9.90 
Cellulose 10.64 10.12 11.72 12.72 8.21 11.95 13.37 0.79 9.17 
Lignin 1.21 1.06 3.16 3.49 1.00 1.72 1.92 0.31 1.05 
Crude fat 11.45 10.89 10.16 3.15 11.71 12.10 11.98 11.81 2.70 
Ash 4.16 4.43 4.46 5.16 5.41 4.55 4.04 14.08 6.81 
Calcium (mg/kg) 204 248 475 652 663 240 230 1699 683 
Copper (mg/kg) 6 6 5 8 6 5 5 9 8 
Iron (mg/kg) 81 72 125 288 90 104 132 129 125 
Magnesium (mg/kg) 3485 3023 3456 3986 3710 3736 3125 11389 5192 
Manganese (mg/kg) 21 13 16 23 15 20 18 40 34 
Phosphorus (mg/kg) 7913 8582 7527 8373 9613 8377 7394 24356 11979 
Potassium (mg/kg) 11465 10974 10069 11232 13140 11758 10172 38597 19862 
Selenium (mg/kg) BDL BDL BDL BDL BDL BDL BDL BDL BDL 
Sodium (mg/kg) 172 1287 2414 3776 2659 1361 1324 4259 364 
Sulfur (mg/kg) 8475 7940 7616 9772 11087 7288 6982 18069 4907 
Zinc (mg/kg) 63 55 59 67 89 82 75 95 120 
1
 Identity of individual feedstuffs described in Table 7. BDL = below detection limit and WNP = would not pass. All values based on DM 
basis except particle size and bulk densities which are based on as-is basis. Values on a percentage basis unless listed otherwise. 
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HP-DDG  HP-DDG 
(ICM) 
Bulk density, g/cm3 0.687  0.435 0.465  0.158  0.346 0.677  0.635  0.576 0.604 
Particle size, microns 477 1175 483 2166  1841 577 471 587 783 
Moisture 12.78 9.44 10.87 12.62 9.18 8.51 8.3 5.95 12.31 
OM digestibility 93.15 75.54 56.98 32.32 73.32 79.95 61.46 71.54 54.36 
Gross energy, kcal/kg 4397 5224 4767 4847 4982 5467 5811 5321 5464 
Crude protein 8.28 17.54 23.64 10.94 15.17 66.30 57.45 43.83 39.98 
Alanine 0.66 1.05 1.41 0.78 1.04 5.54 4.65 3.49 2.92 
Arginine 0.28 1.31 1.67 0.65 0.77 2.38 2.26 1.63 1.68 
Aspartic acid 0.48 1.35 1.68 0.81 1.02 4.23 3.75 2.82 2.44 
Cysteine 0.17 0.34 0.37 0.22 0.30 1.08 1.13 0.81 0.74 
Glutamic acid 1.74 2.47 3.22 1.67 1.95 13.51 10.88 7.88 6.84 
Glycine 0.25 0.91 1.31 0.55 0.77 1.93 1.93 1.51 1.46 
Histidine 0.22 0.51 0.72 0.31 0.44 1.41 1.36 1.17 1.07 
Isoleucine 0.31 0.53 0.84 0.38 0.50 2.83 2.33 1.86 1.53 
Leucine 1.25 1.27 1.91 1.10 1.30 10.67 8.57 6.37 5.12 
Lysine 0.17 0.97 1.17 0.58 0.62 1.39 1.58 1.33 1.20 
Methionine 0.16 0.28 0.42 0.18 0.23 1.41 1.44 0.94 0.81 
Phenylalanine 0.45 0.66 1.02 0.50 0.55 4.14 3.13 2.37 1.96 
Proline 0.77 1.07 1.20 0.82 1.08 5.59 4.77 3.79 3.06 
Serine 0.39 0.68 1.00 0.53 0.65 2.91 2.86 2.02 1.68 
Threonine 0.26 0.57 0.88 0.50 0.61 2.12 2.14 1.61 1.33 
Tryptophan 0.06 0.17 0.20 0.06 0.09 0.24 0.29 0.14 0.19 
Tyrosine 0.25 0.53 0.71 0.37 0.41 3.16 2.61 1.77 1.46 
Valine 0.38 0.86 1.37 0.56 0.76 3.18 2.88 2.32 2.02 
Starch 87.96 25.00 15.29 23.25 25.73 11.08 0.51 7.30 5.10 
Crude fiber 0.60 4.87 10.69 11.54 4.80 1.44 8.14 9.42 7.87 
Total dietary fiber 2.61 24.78 47.76 53.60 26.65 9.24 28.80 31.28 36.75 
NDF 4.27 27.37 61.05 56.86 25.21 12.25 43.52 32.00 51.09 
ADF 0.49 6.13 12.49 13.14 5.35 7.57 25.42 12.61 15.11 
Cellulose 0.77 5.21 11.71 12.78 5.38 5.95 22.55 12.05 14.25 
Lignin 0.33 1.28 1.22 0.89 0.55 2.24 3.40 0.95 1.44 
Crude fat 0.17 18.45 2.38 5.14 9.68 1.34 4.12 2.86 6.97 
Ash 0.49 6.46 2.70 2.33 5.31 3.99 1.10 2.05 2.09 
Calcium (mg/kg) 13 159 359 164 314 6408 173 114 78 
Copper (mg/kg) 1 7 36 5 5 18 6 4 4 
Iron (mg/kg) 15 90 122 54 98 242 102 53 61 
Magnesium (mg/kg) 268 5626 1905 1675 3277 1039 456 1110 936 
Manganese (mg/kg) 1 22 11 15 17 25 17 6 5 
Phosphorus (mg/kg) 879 15187 6496 4379 7578 6318 2486 4185 5029 
Potassium (mg/kg) 1449 16593 4093 6464 13682 4596 1700 4389 3028 
Selenium (mg/kg) BDL BDL BDL BDL BDL BDL BDL BDL BDL 
Sodium (mg/kg) 115 83 839 63 4270 1029 231 1260 563 
Sulfur (mg/kg) 1048 2141 3274 1460 9506 9051 7178 9034 7002 






Table 9. Digestible and metabolizable energy and organic matter digestibility of various 
corn co-products1 
Ingredient DE ME OMD2 
DDGS (IA) 3841 3659 62.25 
DDGS (SD) 4164 3937 64.70 
DDGS (BPX) 3705 3414 65.43 
DDGS (MNdm) 4116 3876 63.85 
DDGS (MNmc) 4016 3713 62.97 
DDGS (WI) 4332 4141 74.22 
DDGS (RO) 3868 3650 57.14 
HP-DDG (MOR) 4955 4606 61.46 
HP-DDG (ICM) 3994 3676 54.36 
HP-DDG 4210 3823 71.54 
Bran 3004 2957 32.32 
Bran w/solubles 3282 3031 73.32 
Germ meal 3521 3417 56.98 
Germ Dehydrated 3889 3692 75.54 
Gluten feed 2517 2334 60.99 
Gluten meal 5047 4598 79.95 
DHDG corn 4401 4316 93.15 
Dried soluble 4762 4525 93.48 
Starch 4082 4080 90.24 
Corn oil 8988 8755 100.00 
Standard deviation 363 413  
1Data obtained from 8 (unless otherwise noted) individually fed finishing gilts (112.7 ± 7.9 kg final BW) 
collected for 4 d following a 9 d collection period.  Ingredients were included in the diet at 30% (70% corn 
basal) with the basal diet containing 97.1% corn.  Anderson et al., 2009 (unpublished).  DE and ME = kcal/kg 
DM. 
2Organic matter digestibilities (OMD) adjusted using an average corn OM digestibility of 89.41 (S.D 1.12).  





































Figure 7. Relationship between in vivo digestible energy (DE) and in vitro organic matter digestibility (OMD) of 20 


































in vitro OMD (%)
R = 0.63
 
Figure 8. Relationship between in vivo metabolizable energy (ME) and in vitro organic matter digestibility (OMD) of 
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Figure 9. Relationship between in vivo digestible energy (DE) and in vitro organic matter digestibility (OMD) of 19 





































Figure 10. Relationship between in vivo metabolizable energy (ME) and in vitro organic matter digestibility (OMD) of 





Energy will continue to be of great importance to the swine industry because it is the 
major component of feed costs, which represents more than 70% of the total pig production 
cost (Noblet, 2001).  Corn has historically been a major cereal grain used in swine diets due 
to its complementary nutrient profile to soybean meal, highly digestible energy content, and 
because it is economically availability in the United States.  Changes in the corn milling 
industry are improving the quality and increasing the variety of co-products that can be fed to 
pigs.  However, little is known about their nutritional advantages and limitations in feed 
formulations.  Traditional metabolism trials have been the standard in evaluating the value of 
a feedstuff to pigs, but prediction equations and in vitro assays have the potential to produce 
similar results if proven valid and used within limitations to which they are designed.  The 
twenty co-products evaluated in this study had unique chemical composition with varied 
energy, protein, fiber, and fat profiles.  To our knowledge, a comprehensive study evaluating 
the energy value of several feedstuffs from the same botanical source (corn) has not been 
completed.  Generating prediction equations for energy that have been classed into similar 
categories such as plant type may be more useful as compared to equations that were 
developed on compound feeds from many botanical origins.  Due to the great complexities of 
fiber and its influences on feed digestibility and energy availability to the pig, classifying the 
effects of fiber may be more useful when used in prediction equations that are segregated by 
feed ingredient.  Likewise, caution needs to be exercised when using current prediction 
methods for determining energy and ensure that they are not being used outside the 
conditions for which they were developed.  Prediction equations are only as good as their 
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